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EMBEDDED SILVER NANOPARTICLES FOR METAL ENHANCED
PHOTOLUMINESCENCE

Shahid Iqbal, Ph.D.
Western Michigan University, 2019

Imaging of biologically significant molecules using plasmons of Metal Nanoparticles
(MNPs) is gaining attention in the research community. Localized Surface Plasmon Resonance
(LSPR) is the coherent oscillation of conduction electrons of MNPs. The biologically significant
molecule is labeled with the fluorophore molecule to get the image. This approach is widely used
in clinical practices, however, low intensity light emission from the labeled molecule makes it
difficult to image the biologically significant material. One way to improve the weak intensities
of fluorophore is to enhance the brightness using a process called Metal Enhanced
Photoluminescence (MEP). This phenomenon occurs in the close vicinity of MNPs. Most of the
studies in this regard have been carried out using chemically synthesized MNPs of different
crystallinity, sizes and shapes. One problem with this approach is the possibility of direct chemical
interaction between the fluorophore and MNPs that results in quenching of the Photoluminescence
(PL) intensity.
In this dissertation we adopted the approach to enhance the PL of different fluorophore
molecules/materials by exploiting the LSPR of embedded noble MNPs. Noble MNPs (Au, Ag,
Cu) are widely used because the LSPR resonant frequency falls in the visible region of the
electromagnetic spectrum that closely overlaps with the excitation frequency of the fluorophore
that are used for biological imaging. We tested our approach using Coumarin (C 515) dye and lead
halide perovskites, CsPbX3 (X = Cl, Br, and I) and successfully enhanced PL intensity. Moreover,
lead halide perovskites have several optoelectronics applications that make them fluorophore of
interest.

In this dissertation, embedded Silver Nanoparticles (Ag NPs) were synthesized via low
energy ion implantation within a few nanometers below the surface of quartz substrates. Ion
implantation was carried out with different ion beam fluences and 70 keV ion beam energy.
Rutherford Backscattering Spectrometry (RBS) measurements were used to obtain the depth
profile and concentration of silver within the quartz substrate. The formation of Ag NPs is
characterized by UV/Visible spectroscopy measurements. LSPR peaks of Ag NPs were observed
with respect to different fluences that confirmed the formation of embedded Ag NPs. An increase
in the size distribution of Ag NPs was observed as the fluence of Ag within the substrate increased.
Size increase of Ag NPs was confirmed by the broadening as well as the red-shift of LSPR peaks.
Steady-state excitation and emission measurements of C 515, CsPbI3, CsPbBrI2, and
CsPbBr3 were carried out to see the effect of embedded Ag NPs on the PL properties of
fluorophores. An increase in the PL intensity of C 515, CsPbI3, and CsPbBrI2 was observed with
the increase in fluences, giving maxima of 2.1, 3.6, and 5.9 times the PL intensity enhancement.
The observed PL enhancement was attributed to a combination of plasmon enhancement with
larger Ag NPs and increased plasmonic hot spots. In addition, PL quenching was also observed in
case of the CsPbBr3 perovskite nanocomposites with the quenching corresponding to the nonradiative energy transfer from CsPbBr3 perovskite to silver nanoparticles.
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CHAPTER 1
INTRODUCTION
1.1

Metal Nanoparticles
Unique physical properties appear in nanoscale which are not seen in bulk material, that

formed the basis of the field of nanotechnology. Nanostructures are the class of materials whose
dimensions are in the nanoscale (~10-9 m). As the dimension of a bulk material is reduced, the
density of states and spatial length scale available for the electron motion are also reduced, which
results in unique electronic, optical, and chemical properties of the nanostructures [1]. The word
“nano” comes from Greek and nanometer refers to one billionth of a meter. The idea was first
described by Richard Feynman on December 29, 1959 in a meeting of American Physical Society
[2]. He accurately predicted the direction of nanoscience and emergence of fascinating properties
of the nanostructured materials.
A nanoparticle is the fundamental object in nanoscience, which is much smaller than the
objects described by Newton laws of motion, but it is bigger than an atom (diameters of atoms
range from 0.1 nm to 0.5 nm) [3]. A nanoparticle is characterized as an assembly of atoms or
molecules on a dimeter length scale ranging from 1 to 100 nm. From ancient time to the middle
ages, the history of the nanoparticles has been summarized by Daniel and Astrum [4]. In 1908,
Faraday first recognized the presence of metallic nanoparticles in solution [5]. Among
nanoparticles, noble metal such as gold and silver have received much attention due to their
unique physical and optical properties [3].
Throughout human history, the phenomena of emission of vibrant colors due to the
interaction of electromagnetic radiation with Metal Nanoparticles (MNPs) was used to decorate
glasses, ceramics, and mosaics [1,2]. A good example of this phenomena is the Roman Lycurgus
cup [2], currently exhibited at the British Museum in London (Figure 1.1). The light interaction
with the surface of the cup behaves differently when illuminated from inside than outside. When
external white light interacts from outside of the cup, bluish-green color is scattered by the particles
1

and the cup looks predominantly green. But when light is made incident from inside the cup, then
the particles absorb the green color and illuminated white light looks translucent red. It has been
found that these unusual optical properties are due to the combination of both silver (Ag) and gold
(Au) nanoparticles of different sizes and shapes in the glass that absorbs and scatters light, which
give a dichroic property to the cup [1,2,3,6].

Figure 1. 1. Famous Lycurgus cup which displays different color once illuminated with lighting from inside and outside [6]

Nanotechnology is also evident in various old churches. A well-known application of early
nanotechnology is the ruby red color that was used for stain glass windows. The color changes in
the stained glass windows ,due to different sizes and shapes of embedded metal nanoparticles, as
shown in Figure 1.2 [3,6].
This color changing behavior of metal nanoparticles with the interaction of light is strongly
linked to a unique phenomenon, called Localized Surface Plasmon Resonance (LSPR) the
excitation of localized surface plasmon modes in nanoparticles, resulting a strong absorption
and/or scattering of light at specific wavelengths [3].

2

Figure 1. 2. Photograph of a stained glass windows shows the comparison of the effect of size and shape of metal nanoparticles on
the coloring of the stained glass [3]

1.2

Surface Plasmon
The term plasmon comes from plasma (gas of charge particles). In a metal, a plasmon is

the quantum collective oscillation of free electrons. As light consists of photons, in a similar way,
free electron oscillations in metal consists of plasmons. Surface plasmons are restricted to metal
surfaces, and were initially proposed in 1957 by Rufus Ritchie [7]. In metals, free electrons
oscillate when external electromagnetic radiation interacts with the metal surface. It causes free
electrons to vibrate coherently on the surface of metal, giving rise to surface plasmons. Most of
their properties can be derived directly from Maxwell's equations [8,9].
Surface plasmons have attracted the attention of physicists, chemists, biologists and
material scientists for their widespread use in areas such as electronics, optical sensing,
biomedicine, and light generation [10]. There are two types of surface plasmons [11], one is called
the propagating surface plasmon, which can be excited on the metallic film, and the other is called
the localized surface plasmon, which can be excited on metal nanoparticles, both can inducing a

3

strong enhancement of the electric field in a close vicinity of a metal surface. This phenomena
leads to the application of the SPR and LSPR in Surface-Enhanced Raman Scattering (SERS),
photovoltaics, biosensors [12,13,14,15,16], and plasmon assisted PL enhancement [17,18,19,20].
1.2.1 Propagating Surface Plasmon of Metal Nanoparticles
When the charge distribution is confined in a two-dimensional (2D) structure (thin film)
such as metal-dielectric interface, the incident electromagnetic wave induces a Propagating
Surface Plasmon (PSP) [21]. These are surface plasmons that propagate at the interface of
dielectric-metal or metal-air interface and are restricted to the interface. Positive and negative
charges are separated (polarization) as the plasmon wave propagates along the metal surface under
the excitation of incident light as shown in Figure 1.3. The electric field of incident light brings

Figure 1. 3. Schematic of Propagating Surface Plasmon

free (conduction) electrons of metal to vibrate collectively on the surface, giving rise to surface
plasmons. Resonance occurs when the frequency of the vibrating electrons matches the frequency
of electric field of the incident light. The coherent vibration of conduction electrons generates its
own electric field. It is interesting to note that in the noble metals like Au, Ag, and Cu the SPR
resonance takes place in near UV-visible region of electromagnetic spectrum [21,22], which makes
them suitable for many applications.
1.2.2 Localized Surface Plasmon Resonance of Metal Nanoparticles
The LSPR is generated in MNPs or nanostructures of dimensions between 3 -100 nm when
the electromagnetic wave has a wavelength larger than the dimension of nanoparticle [9,23,24].
4

LSPR is induced upon the interaction between oscillating electric field of incident light and the
conduction electrons of MNPs. This induces coherent oscillations of the conduction electron cloud
giving rise to surface charge polarization on nanoparticles [23,24,25], as illustrated in Figure 1.4.
A restoring force is generated due to the columbic attraction between the opposite charges causing
the electrons to oscillate in resonance with the incident light [9]. This creates coherent oscillating
dipoles. The resonance conditions are met when the frequency of the external electromagnetic
wave matches the frequency of oscillating dipole (plasmon frequency) leading to enhancement of
electric field in the close vicinity of the nanoparticle. For the noble MNPs (gold, silver, and
copper), the plasmon frequency is in the visible region of electromagnetic spectrum [22].

Light

Electric
field

+++

Electron cloud

+++

---

--Metal Nanoparticle

---

+++

Electron cloud

Figure 1. 4. Schematic of LSPR of Metal Nanoparticle

1.3

Electrodynamics of Localized Surface Plasmon Resonance
Consider a homogenous and isotropic metal spherical particle which has radius 𝑎 and it is

placed in a uniform electric field 𝐸 = 𝐸0 𝑍̂, as shown in Figure 1.5. The surrounding medium is
non-absorbing and isotropic and it has dielectric constant εm. The dielectric response of the sphere
is frequency dependent, given by the dielectric function ε (ω) [26]. In the electrostatic approach,
the problem is to solve the Laplace equation ∇2 Φ1 = 0 for the potential inside (𝑟 ≤ 𝑎) and outside
(𝑟 > 𝑎) the sphere, which is subject to the boundary conditions. For inside and outside the sphere,
the electric field can be obtained from the scalar potential (𝐸 = −∇Φ). Because of the azimuthal
symmetry (independent of 𝜑), the general solution of the potential for inside and outside the sphere
can be written as [26],
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𝑙
−(𝑙+1)
Φ(𝑟, 𝜃) = ∑∞
] 𝑃𝑙 (𝑐𝑜𝑠𝜃)
𝑙=0[𝐴𝑙 𝑟 + 𝐵𝑙 𝑟

(1.1)

p
r

E0
a
𝜃

z

𝜀𝒎

ε
(ω

Figure 1. 5. Sketch of homogenous sphere in electrostatic field

𝑃𝑙 (𝑐𝑜𝑠𝜃) is the Legendre polynomial of order 1, and θ is the angle that position vector, r, makes
with z-axis. From this, we can also write the potential for inside and outside the sphere
𝑙
Φ𝑖𝑛 (𝑟, 𝜃) = ∑∞
𝑙=0 𝐴𝑙 𝑟 𝑃𝑙 (𝑐𝑜𝑠𝜃)

(1.2)

𝑙
−(𝑙+1)
Φ𝑜𝑢𝑡 (𝑟, 𝜃) = ∑∞
] 𝑃𝑙 (𝑐𝑜𝑠𝜃)
𝑙=0[𝐵𝑙 𝑟 + 𝐶𝑙 𝑟

(1.3)

Al, Bl, and Cl are the coefficients that can be determined from the following boundary conditions
at 𝑟 = 𝑎 at the surface of sphere and for outside 𝑟 ≫ 𝑎.
𝚽𝑖𝑛 = 𝚽𝑜𝑢𝑡 (𝑎𝑡 𝑟 = 𝑎)
−𝜀

𝜕𝚽𝑖𝑛
𝜕𝑟

= −𝜀𝑚

𝜕Φ𝑜𝑢𝑡
𝜕𝑟

(1.4)

(𝑎𝑡 𝑟 = 𝑎)

(1.5)

𝚽𝑜𝑢𝑡 → −𝐸0 𝑟 cos 𝜃 (𝑓𝑜𝑟 𝑟 ≫ 𝑎)

(1.6)

The potential for inside and outside the sphere can be written as
3𝜀

𝚽𝑖𝑛 = − 𝜀+2𝜀𝑚 𝐸0 𝑟𝑐𝑜𝑠𝜃

(1.7)

𝑚

𝜀−𝜀

𝚽𝑜𝑢𝑡 = −𝐸0 𝑟𝑐𝑜𝑠𝜃 + 𝑎3 𝐸0 𝜀+2𝜀𝑚

𝑚

𝑐𝑜𝑠𝜃

(1.8)

𝑟2

It is interesting to note from equation 1.8 that the potential outside the sphere is the
𝒑.𝒓

superposition of applied electric field (−𝐸0 𝑟𝑐𝑜𝑠𝜃) and ideal dipole ( Φ = 4𝜋𝜀

3
𝑚𝑟

𝑝𝑟𝑐𝑜𝑠𝜃

= 4𝜋𝜀

𝑚𝑟

3

), where

p is the dipole moment. The induced dipole moment inside the sphere can be written as [9],
𝜀−𝜀

𝑝 = 4𝜋𝜀𝑚 𝑎3 𝜀+2𝜀𝑚 𝐸0
𝑚
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(1.9)

The induced dipole field resulting from polarization of the metal sphere depends upon the
conduction electron density and polarization P defined as
𝑃 = 𝜀𝑚 𝛼𝑬0

(1.10)

By comparing equation (1.9) and (1.10), the polarizability 𝛼 in term of dipole moment can be
written as,
𝜀−𝜀

𝛼 = 4𝜋𝑎3 𝜀+2𝜀𝑚

(1.11)

𝑚

In terms of polarazibility, the scattering and absorption cross section can be written as [27],
𝜎𝑠𝑐𝑎 =

8𝜋
3

|𝜀−𝜀 |2

𝑘 4 𝑎6 |𝜀+2𝜀𝑚 |2

(1.12)

𝑚

𝜀−𝜀

𝜎𝑎𝑏𝑠 = 4𝜋𝑘𝑎3 𝐼𝑚 [𝜀+2𝜀𝑚 ]

(1.13)

𝑚

where 𝑘 is a wave vector, 𝑘 =

2𝜋𝜀(𝜔)
𝜆

4

. For a spherical particle with volume 𝑉 = 3 𝜋𝑎3 and dielectric

funtion 𝜀(𝜔) = 𝜀1 (𝜔) + 𝑖𝜀2 (𝜔), the extinction cross section (𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠 ) becomes [28,
29],
𝜔 3/2

𝜎𝑒𝑥𝑡 = 9 𝑐 𝜀𝑚 𝑉 (𝜀
where 𝜀1 and 𝜀2

𝜀2
2
2
1 +2𝜀𝑚 ) +𝜀2

(1.14)

are the real and imaginary parts of the dielectric function of the sphere,

respectively, and 𝜀𝑚 is the dielectric constant of the surrounding medium.
From electrostatic approximation, several conclusions can be made. Under the condition
that |𝜀 + 2𝜀𝑚 | is a minimum (approaches zero), maximum polarizability occurs that shows a
plasmon resonant enhancement (𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑚 ), which occurs between the conduction band
electrons and the incident field. This condition is called Frohlich condition [23]. Based on this
condition, the local field enhancement is expected in the close vicinity of MNPs. The absorption
and scattering get enhanced when the dipolar excitation is in the form of (1.12,1.13) where the
scattering is dominated by large size particles (𝜎𝑠𝑐𝑎 ∝ 𝑎6 ) and absorption by small size particles
(𝜎𝑎𝑏𝑠 ∝ 𝑎3 ). This is an applicable result for small MNPs because the dielectric function of a metal
is frequency-dependent, size dependent, and can be negative [3].
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It is important to note that all above equations are approximate calculations based on quasistatic approximation, where the size of sphere is much smaller than the wavelength of the incident
light.
1.4

Factors Effecting Localized Surface Plasmon Resonance

1.4.1 Metal Nanoparticles Size
The size of Metal Nanoparticles (MNPs) is an important factor that determines the nature
of the surface plasmon resonance band [1,30,31,32,33,34,35]. Smaller size nanoparticles have
narrow resonances with a single plasmon peak, but with an increase in size, resonance broadening
occurs (Figure 1.6). For instance; Yguerabide et al. reported [36] that when the size of the
nanoparticle gets larger than 100 nm, two peaks of LSPR occur (Figure 1.6) because the larger
size MNPs support higher multipoles such as quadrupole and octupole where half of the electron
cloud moves parallel and half anti-parallel to the electric field.
When the extinction cross section is divided by the geometrical cross section 4𝜋𝑟 2
(sphere), this gives the extinction efficiency, which is the sum of both scattering and absorption
efficiencies, plotted in Figure 1.7. Absorption cross section efficency dominates in smaller size
nanoparticles and scattering cross section efficency dominates in larger size nanoparticles. For
example in Figure 1.7, the absorption cross section of a 50 nm gold nanoparticle is much higher
than the scattering cross section. However, the scattering cross section dominates in gold
nanoparticles with size 150 nm [37] and high order poles can be seen as well.
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Figure 1. 6. Normalized extinction efficiencies for various sizes of gold nanospheres in water. The circles above the plot correspond
to the relative cross-sectional area of the spheres simulated [37]

Figure 1. 7. Interaction efficiencies for two different sizes of gold nanospheres (50 nm, and 150 nm) in water is showing the
different optical interaction behavior [37]

1.4.2 Metal Nanoparticle Shape
The shape affects the plasmon resoanance of metal nanostructures [38,39,40]. Metal
nanorods are of particular interest that produce multiple LSPR peaks (shown in Figure 1.8 A) [37],
[41], one is called Longitudinal and other Transverse Surface Plasmon Resonance (LSPR, TSPR).
As the aspect ratio of nanorods is increased (length/width), a red-shift in longitudinal SPR peaks
occurs [41] as shown in Figure 1.8 B. TSPR can be excited along the shorter axis of the rod, and
is less sensitive to the change in aspect ratio [42]. In TSPR, the direction of the external electric
field does not become aligned with the direction of field produced by oscillating electrons, it will
not be easily polarized and hence result in shorter resonance wavelengths. On other hand, in LSPR,
9

the direction of the external electric field match with the field produced by oscillating electrons,
so it will be easily polarized and hence result in a longer resonance wavelength. In addition, two
LSPR peaks occur in metal nanorods. The smaller peak, around 525 nm, is due to the transverse
SPR of the nanorod and the longer one is due to longitudinal SPR (Figure 1.8 B).
Longitudinal SPR

Electronic Oscillation

(A)

Transverse SPR

(B)

Figure 1. 8. (A) shows longitudinal SPR and transverse SPR, and (B) the extinction efficiency of metal nanorods with different
aspect ratio [37]

1.4.3 Surrounding Medium and Effect of Substrates
The surrounding medium of MNPs influences LSPR significantly and has been studied
for many years [43]. MNPs are sensitive to any change in the surrounding medium. By increasing
the refractive index of the surrounding medium of MNPs, a pronounced redshift in the LSPR
spectra position of MNPs occurs, as shown in Figure 1.9 (a) [44,45] . In one study, Schultz reported
the influence of the surrounding refractive index on colloidal silver nanoparticles LSPR [44]. He
observed that LSPR of silver nanoparticles redshifted from blue to green by the addition of oil in
the colloidal mix. With removal of oil, the original LSPR was restored back to blue color. A linear
10

direct relationship is observed between LSPR of the nanoparticle and refractive index of the
medium. In the same year, Van Duyne et.al reported the same effect of refractive index on LSPR
of MNPs (Figure 1.9 (b)) [45].

Figure 1. 9. (a) LSPR spectra of silver nanoparticles in different solvent: nitrogen (510.2 nm), methanol (574.2 nm),1-propanol
(588 nm), chloroform (600.8 nm), and benzene (611.9 nm). (b) Plot showing a linear relation between the LSPR of silver
nanoparticle and different solvent refractive index [45].

The substrate also has a vital role in the localized surface plasmon resonance. MNPs can
be synthesized in various substrates such as glass, quartz, MgO, fused silica etc. Malinsky et al.
[46] has reported the effect of different substrates on the LSPR of silver nanoparticles. He used
fused silica (n=1.46), borosilicate glass (n=1.52), mica (n=1.6), and SF-10 (n=1.73)-a specialty
glass with high refractive index as a substrate and fabricated silver nanoparticles in it.
Experimentally it was observed that by increasing the refractive index of various substrates, the
LSPR peaks of silver nanoparticles shift from 616 nm to 635 nm, which indicated a clear redshift
in LSPR peaks of silver nanoparticles (Figure 1.10).
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Figure 1. 10. Extinction spectra of silver nanoparticles on substrate (A) Fused silica, (B) borosilicate glass (C) mica, and (D) SF10 in N2 environment [46]

1.5

Plasmonic Coupling
When two or more MNPs are brought near each other’s, then upon light excitation the

plasmonic near-field of one MNP can couple with the other (Figure 1.11). Therefore, the electric
field felt between the MNPs is the sum of the incident field of the electromagnetic wave and the
induced plasmonic near-field generated between two MNPs. This phenomenon enhances the
electric field between the MNPs creating hotspots [47,48,49].
Plasmonic coupling significantly influences LSPR of coupled-nanoparticle system. For
instance, in the literature it has been reported [50,51] that due to the inter-particle coupling, a large
red-shift of the LSPR wavelength is observed. The red-shifting in the LSPR wavelength is the
manifestation of the favorable coupling of the plasmon oscillation of two MNPs (Figure 1.12). In
addition, the red-shift depends strongly on the distance between the MNPs. The coupling is more
significant if the distance between two MNPs is small enough (Figure 1.11). Plasmonic coupling
generates hot spots between two MNPs that leads to strong plasmonic field enhancement, which
is significantly stronger than the single MNP. Plasmonic field enhancement due to hot spots is
illustrated in Figure 1.11. As the gap between the nanoparticles is decreased, the density of the
generated plasmonic field gets larger, which turn into strong near field enhancement. Furthermore,
the red-shifts of LSPR peaks due to plasmonic coupling of metal nanoparticles (diameter 10 nm)
are shown in Figure 1.12. Hotspots can be observed using Ultraviolet–Visible (UV/Vis)
measurements, as the gap between the metal nanoparticle decreases, red-shifts in the UV/Vis
spectra are observed which suggests inter-particle coupling between the nanoparticles. The
plasmonic field enhancement due to the hot spots is significantly important in surface enhanced
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Raman scattering, where the weak signals of Raman scattering are enhanced by the enhanced nearfields [2]. In addition, the weak photoluminescence light of fluorophore materials can be enhanced
further with plasmonic hot spots which is a focus of this dissertation.

Figure 1. 11. Plasmonic field distribution on MNPs (a) single MNP (b) two MNPs with 4 nm distance, and (c) with 1 nm distance
[3]

Figure 1. 12. Scattering spectra of two spherical MNPs at different particle gaps (1 nm to 20 nm). The spectra were collected
using the Finite-difference time-domain calculation [2]

1.6

Photoluminescence
Photoluminescence (PL) is a radiative process in which an atom/molecule absorbs

electromagnetic radiation and emits radiation at resonance or longer wavelength than the excitation
wavelength. Photoluminescence spectroscopy is a technique that is used extensively for
understanding photo-excitation events [4]. Molecule that relaxes via PL emission is called
fluorophore. The emission of light from a fluorophore provides information about that molecule.
The PL process is shown in the Figure 1.13. The molecule in its ground state, S0, is excited to
higher energy states, S1/S2, by the incident electromagnetic wave. The molecule non-radiatively
de-excites through vibration levels to a lower energy state S1. Vibrational levels are represented
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by the horizontal lines in each energy state. The transition of a molecule from a higher state to a
lower energy state occurs through a process called internal conversion. From S1, molecule deexcites to the ground state emitting light of longer wavelength than the excitation wavelength. The
whole process takes places in ~ 10-9 seconds. Excitation of a susceptible molecule by incoming
electromagnetic radiations happens in femtoseconds (absorption-10-15 second), internal conversion
takes place in ~10-12 seconds and fluorophore light emission in 10-9 seconds.
S2

Non-radiative transition

Photoluminescence

Incoming
light

Absorption

Energy

S1

𝑘nr

Emitted light

𝛤

S0
Figure 1. 13. Jabalonski diagram is an energy diagram showing the energy states of a molecule and the transition between them.
The narrow lines between S1 and S2 represents the vibrational levels

There had been a significant growth in the use of PL in the biological sciences and life
sciences, which is used mostly in medical diagnosis as an imaging tool, biotechnology, DNA
sequencing, and genetic analysis [52]. PL materials are widely used in optical sensing, optical
imaging, optical device making, and biomarkers. An increase in the PL intensity of fluorophores
enhances the sensitivity of PL -based applications in the fields of optics [53], medicine [54] and
photonics [55]. Most of the fluorophore-based techniques require good control over the absorption
and emission of light. For instance, optical sensing and imaging require high excitation and
emission to penetrate deeply into the tissue for detecting traces of target and on the other hand,
light-emitting devices demand high emission output [56]. In addition, the quality of observability
of fluorophores is decided by the brightness or emission rate [56]. Therefore, it is a critical
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challenge to the researchers to find an appropriate strategy for enhancing the PL of different
fluorophores. An attractive approach to amplify the PL signals of fluorophore is to bring metal
nanoparticles in to close vicinity, which modifies the PL signals based on the interaction of metal
nanoparticles or metallic surfaces with the excited state fluorophore.
1.7

Metal Enhanced Photoluminescence (MEP)
Either one of the noble metal nanoparticles, such as gold, silver and copper, can be used to

modify the excitation or emission of fluorophore molecules [21,57,58]. As explained before the
process by which this happens is called Metal Enhanced Photoluminescence (MEP). The idea of
MEP began in 1960s by Drexhage when he found a modification in the decay times of fluorophore
molecules near the metal film [59]. The close vicinity of MNPs increases the excitation rate of
nearby fluorophore molecule. Once the molecule is in excited state, it goes by the non-radiative
internal conversion process and brings it to the emitted excited state. The internal conversion
processes are usually very fast therefore they are unaffected by the presence of MNPs. Depending
on the distance between the MNP and molecule, from the emitted excited state, molecules can
transition to the ground state via non-radiative or radiative process. If the distance between MNPs
and molecule is small (< 6nm), the energy transfers or charge transfer takes place between MNP
and the molecule that leads to the quenching of fluorophore molecule intensity. However, if the
distance between the fluorophore and MNPs is larger than ≥10 nm, the molecule can radiative
decay to the ground state with increased rate of emission that leads to PL enhancement. Therefore,
careful tuning of the distance between MNP and fluorophore is important requirement for the MEP
[21,60,61]. A schematic of modified Jabalonski diagram in the presence of MNPs is shown in
Figure 1.14. In the case of both non-radiative and radiative decays, the quantum yield (ratio of
emitted to absorbed photons) is modified [62].
For a fluorophore free from quenching (No MNPs), the quantum yield 𝑄0 , is given by
following relation [62],
𝛤

𝑄0 = 𝛤+𝐾

𝑛𝑟

(1.15)

Where Γ is the radiative rate and 𝐾𝑛𝑟 is the non-radiative rate. The PL lifetime, 𝜏0 ,is written as
[62] ,
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1

𝜏0 = 𝛤+𝐾

(1.16)

𝑛𝑟

Both 𝜏 0 and 𝑄 0 are in free space, where no MNP exists. At a certain distance, the modification of
the radiative decay rate Γm, in the presence of MNPs occurs (Figure 1.14) which alters both Q0 and
τ0 as [62,63],
𝛤+𝛤𝑚

𝑄𝑚 = 𝛤+𝛤

(1.17)

𝑚 +𝐾𝑛𝑟

𝜏𝑚 = 𝛤+𝛤

1

(1.18)

𝑚 +𝐾𝑛𝑟

Where 𝑄𝑚 and 𝜏𝑚 are the modified quantum yield and lifetime of a fluorophore in the presence of
a metal nanoparticle respectively. The addition of new radiative rate due to MNPs, increases the
fluorophore quantum yield and decreases the PL lifetime, producing a higher PL intensity.
S2
Non-radiative transition

Incoming
light

𝐸𝑥

Photoluminescence

Energy

S1

𝐸𝑥𝑚

𝛤

𝛤𝑚

𝑘nr

S0
Figure 1. 14. Modified Jabalonski diagram with and without metal nanoparticle. E x and Exm represent the excitation rate without
and with metal nanoparticles

1.8

Dissertation Outline
A brief outline of the work that is explained in the dissertation is as follows: An

introduction to the background theory of experimental methods will be given in chapter 2. The
chapter describes experiments based on the ion beam analysis for the synthesis and
16

characterization of metal nanoparticles. The chapter also describes various spectroscopy methods
which were used to investigate Metal Enhanced Photoluminescence (MEP) and energy transfer
phenomenon between nanoparticle-dye and nanoparticle-lead halide perovskites. Chapter 3
explains the experimental methods describing the detailed nanoparticles synthesis procedure
followed by the description of instrumentations used in the characterization of nanoparticles.
Interaction between ion implanted metal nanoparticles, dye and lead halide perovskite
nanocomposites upon excitation is the main focus of this dissertation which is described in detail
chapter 4. Finally, chapter 5 gives the conclusion drawn and a summary of the completed work.
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CHAPTER 2
INTRODUCTION TO EXPERIMENTAL TECHNIQUES
2.1

Tandem Van de Graaff Accelerator

Figure 2. 1. Western Michigan University Tandem Accelerator

Van de Graaff accelerator is a device, that operates on the principle in which charged
particles are accelerated to high energy. An accelerator needs an electric field to accelerate a
charged particle and electrostatic and magnets lenses to guide the beam to the target. In addition,
high vacuum is needed for charged particles to travel to the target. High Voltage Engineering
company was first to develop a practical accelerator that was a single ended machine. The Tandem
Van de Graaff accelerator, designed by Alvarez, Bennett, and Kallmann [64,65] has dual stage
acceleration and is a versatile machine which requires negatives ion sources. A high potential
difference is built up and maintained on a smooth conducting surface by a continuous transfer of
positive charges from a moving belt. In Western Michigan University’s (WMU) accelerator lab,
the maximum high voltage terminal can be maintained at +6 MV, and the transport of charges to
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a high voltage terminal is carried out using a Pelletron charging system developed by National
Electrostatic Corporation (NEC). Low and high energy charging chains are located at both ends of
the accelerator. The chains carry a net positive charge to the terminal and the terminal is maintained
at a large net positive potential. Each charging chain can carry 100 µA of current [66].
In 1960, Herb and collaborators [67] developed the Pelletron charging chains system that
is made of metal cylinders (pellets) connected by a nylon charging belt. This system of charging
chains was an improvement over the old charging belts system in Van de Graaff accelerators. The
old charging belt system suffered from various problems including instability of the terminal
voltage, to spark damage, and the belt dust [66]. The Pelletron charging chains provide a terminal
voltage stability greater than what was achieved before. Furthermore, the belt dust problem is also
eliminated in the Pelletron charging chains.
A Pelletron is a two stage (tandem) electrostatic accelerator, in which negative single
charged ions produced by an ion source, are directed to the low energy accelerator tube. Negatively
charged particles accelerate towards the terminal that is maintained at a high positive DC potential.
A very thin carbon foil or a gas (usually oxygen) is placed in the beam tube at the center of the
high voltage terminal (Figure 2.1), to strip electrons from incoming negative ions. Negative beam
strikes with the atoms of the gas or solid target and electrons are stripped off from the incoming
negative ions, leaving them positively charged as it the exists from the stripper region. Once the
beam passes through the stripper region, it accelerates with different positive charge states. This
positively charged beam accelerates away from the high voltage terminal towards the electric
ground. The positively charged beam exits the accelerator with different energies because of the
various charge states and each charge state carries its own energy. The resulting kinetic energy of
multiple charged positive ions is given in [65], and is written as,
𝐸 = (1 + 𝑞)𝑉 + 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦

(2.1)

where V is the terminal voltage in MV, q is the charge state after exiting the terminal and E is the
energy in MeV. Injection energy is the energy of the ions from the negative ion source.
The main parts that contribute to the production of the beam in the accelerator are:
•

Ion Source
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•

Injector magnet

•

Accelerator tube

•

Analyzing Magnetic

•

Switching Magnet and Beam Steerers

2.1.1 Ion Source
The WMU accelerator has two new and one old ion source. For the project explained in
this dissertation, The Source of Negative Ions by Cesium Sputtering (SNICS) and RF exchange
ion sources were used.
2.1.1.1 Source of Negative Ions by Cesium Sputtering
The Source of Negative Ions by Cesium Sputtering (SNICS) is used to produce negative
ions for tandem Van de Graaff accelerator. A schematic of SNICS source is shown in Figure 2.2.
In the WMU accelerator lab, the Source of Negative Ions by Cesium Sputtering (SNICS) is used
as a source of ions with the injection energy range from 20 keV to 80 keV. In SNICS, negative
ions are produced through the sputtering process. In order to get the beam of interest, the material
powder is put into the cavity of the cathode. A high vacuum is maintained for the entire procedure.
Cesium (melting point 28.5 °C) is kept in an oven and is maintained at around 155oC temperature.
Cs is heated to generates Cs vapor that comes into the enclosed area between the cold cathode and
heated ionizer (in our source it is a conical heater). The ionizer is kept at a local ground through
an isolation transformer and a high voltage power supply with respect to the real ground creates 50 kV potential difference between the local and real ground. The cathode is held at a negative
potential of -6 kV. Some of the Cs adheres to the cool surface of the cathode while some of it hits
the hot surface of the ionizer and is ionized (Cs+). The ionized Cs+ is accelerated towards the
cathode by the applied electric field and sputters atoms out of the compacted powdered sample.
Depending on the material type, some of it sputters negative ions, while other sputters positive or
neutral particles. The positive or neutral particle can pick up electrons while passing through the
cold, condensed layer of Cs on the cathode and produce negative ion beams. Cs is an alkali metal
that donotes the electrons and has a high charge exchange efficency . Alkali metals have a positive
electron affinity which means that these metals have a tendency to give an electron to the neutral
atoms. Negative ions are then accelerated and extracted out of the source by using an extractor
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maintained at a positive potential in the range of 10 kV to 15 kV with respect to the local ground.
The generated negative ions in the ion source are then accelerated by the accelerator. A picture of
the WMU ion source is shown in Figure 2.3.

Cathod
e

Cs+
focus
Extract
or

Cathode
holder
Cs+

Cs+

Negative
ions
Ioniz
er
Cs Oven

Figure 2. 2. Schematic of SNICS II Source. Cs in oven is vaporized and ionized by the ionizer

Figure 2. 3. SNICS, source of negative ions at Western Michigan University

21

2.1.1.2

Radio-Frequency Exchange Source (RF-Source)
An RF Exchange Source is used to produce helium negative charged particles. A schematic

of the RF-Source is illustrated in Figure 2.4. The helium negative ions are generated by a two step
process. In the first step, the helium gas injected into a quartz bottle and is ionized creating helium
plasma by RF-oscillator. An RF-oscillator produces signals in a radio frequency range of about
100 kHz to 100 GHz. Helium plasma in the quartz bottle is fosused at the exit by a solenoid magnet
and is pushed out towards the charge exchange cell by a high voltage power supply maintained at
+6 kV with respect to the loacl ground. Rubidium vapors in the exchange cell interact with
incoming positive helium beam. Rubadium is donor of electrons which has higher charge exchange
efficency (electron affinity of 49 kj/mol) in comparison to other Alkali metals with the melting
point 39oC. The alkali metals have positive electron affinities, which means that these metals have
a tendency to give an electron to the neutral atoms. Helium is a noble gas and an has a very low
electron affinity, therefore, very few of the helium atoms pick up an electron and become negative.
Liquid cooled
Rb baffles

100 MHz RF
Air cooling

Quartz bottle

Rb

He+

Gas

Acceleration
and focusing

He-

Plasma
Inlet

Vapor

2-6 kV

Metering
valves Gas
Gas
1
2

Rb
Heat

Figure 2. 4. Schematic of RF-ion source
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Charge
exchanger

Figure 2. 5. Radio frequency source at Western Michigan University

The negatively charged particles are extracted, focused, accelerated and directed towards
the high voltage terminal of the accelerator via the injector magnet. A picture of the RF-Exchange
source, which is located at WMU particle accelerator lab, is given in Figure 2.5.
2.1.2 Injector Magnet
The injector magnetic, that follows the ion sources, is a dipole magnet used to guide
negative charged particles to the accelerator entrance. It separates and guides the charged particles
of interest with specific energy and with a change in polarity, the injector magnet selects the source
to be used. After passing through the dipole magnet, an electrostatic einzel lens is used to focus
charged particles in to the entrance of the accelerator tube. Before entering the entrance of the
accelerator, a Faraday cup is provided at the path way of the incoming ion beam for measuring the
current intensity of the charged particles.
2.1.3 Main Accelerator Tube
The main accelerator tube consists of several sections on both the low and high energy side
of the terminal. The tubes are constructed of insulating material (commonly ceramic or glass
cylinders) with vacuum tight seals to metal plate electrodes. The terminal is a sandwich of glass
blocks and metal planes. Each plane has a resistor attached to it that makes the tube a potential
divider for smooth acceleration of the ion. The central part of the tube is the high voltage terminal,
which is charged by the motor driven charging chains. These charging chains consists of metallic
pellets linked by insulating nylon studs. By the induction electrodes, charge is induced onto the
chain. This charge is then deposited on the terminal raising its potential. The high voltage terminal
is supported by insulating columns that consist of two insulating plates. Gradient rings (hoops) are
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used along the insulating plates to keep equipotential planes. At the center of the high voltage
terminal, a stripper gas or carbon foil is used to remove electrons from the negative ions to change
the polarity. These positive ions are further accelerated by gaining energy (1+q) V, where V is the
terminal voltage.
2.1.4 Analyzing Magnetic
An analyzing magnet separates ions of mass and energy and consists of a flat vacuum
chamber and electromagnetic sector. A picture of the Western Michigan University Analyzing
magnetic is shown in Figure 2.4. The positive charged particles are focused into the analyzing
magnet. A quadrupole system is provided at the exit of the accelerator, which is used for focusing
beams on the analyzing magnet. The positive charged beam exists the accelerator with different
charged states and energies. By tuning the magnetic field, the section of the beam of interest is
possible and unwanted beams do not make it through the magnet. Unwanted beams collide with
walls of the vacuum box and never reach the target. Accelerated ions moving with velocity v,
charge q and mass m experience a Lorentz force (𝐹 = 𝑞𝑣 × 𝐵). The magnitude and direction of
the force is perpendicular to both the direction of motion and magnetic field; hence the ion
trajectory is the arc of a circle whose radius (𝑅 =

𝑚𝑣
𝑞𝐵

) can be obtained by comparing the centripetal
2𝐸

and Lorentz forces. If the energy of the accelerated ion is E; then 𝑣 = √ 𝑚 , and the radius of the
circular arc becomes 𝑅 =

√2𝑚𝐸
,
𝑞𝐵

which gives 𝐵 =

√2𝑚𝐸
.
𝑞𝑅

Thus, it can be concluded from above equation, when ion energy E, ion charge q, and
magnetic field B is fixed, then the ion bending radius depends on its mass m. But when E, m, and
B are fixed, then the radius depends on charge q. Thus, when charged particles enters into a uniform
magnetic field, due to the magnetic force, charged particles are forced to follow circular path, the
radius of the bending charged particle depending on the charge to mass ratio. The WMU
accelerator analyzing magnet has a 90o bend and is used to analyze the beam energy.
2.1.5 Switching Magnet
It is not possible to do all the experiments at a single port related to the tandem accelerator.
Therefore, it is important to have several ports available for the accelerated ion beam. The
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switching magnet (Figure 2.6) is a dipole magnet that is used to direct the incoming beam to
different ports maintained at ±150 , ±300 , and , 00 to the main beam line. A picture of four
different beamlines can be seen in Figure 2.7.

Figure 2. 6. Switching and 900 bending analyzing magnet (Western Michigan University)

Figure 2. 7. Beamlines in target room (Western Michigan University)

2.2

Ion Implantation
Ion Implantation is a technique in which the bombardment of a solid target with an

energetic incident ion beam takes place. An accurate degree of control of projected ions into target
materials enables this method a powerful technique to change the surface properties of materials.
Both chemical and structural changes may occur once the incident ions collide with target. The
structural modification depends on type, energy of ion, intensity of the ion beam and substrate
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temperature and ion fluence. Each ion in the incoming beam is typically an atom or molecule.
Therefore, the actual amount of material to be implanted, is the integral over time of the ion current
known as fluence. The ions that penetrate the material make a series of collisions with the target
atoms or target electrons. During each collision, ions transfer energy to the target and ultimately
stop at a certain depth below the surface. The energy lost ∆𝐸 by the projectile as it travels at
distance ∆𝑥 in the target is defined by the differential function

𝑑𝐸
𝑑𝑥

(stopping power or specific

energy loss) [68,69]. ∆𝑥 is typically measured along the direction of the incident beam and is
measured in 1015atoms/cm2. The depth in the material where the maximum number of ions sit after
losing energy represents Bragg peak. The curve that describes the stopping power as a function of
material depth is called the Bragg curve. There are two major processes of energy loss [68,69] in
the materials, one is called nuclear stopping in which incident ions make an elastic collision with
the target nuclei and transmit energy to the target nuclei. Nuclear stopping dominates at lower ion
beam energies [69], becoming negligible at high energies, and responsible for most of the angular
dispersion of ion beam [68]. Another process, known as electronic stopping. In this process the
incident ions makes an inelastic collision with the free electrons of the target causing excitation or
ionization of target atoms [70]. Electronic stopping dominates at high ion beam energies and
becomes insignificant at low ion beam energies [69,70]. The total stopping power or specific
energy loss is written as [68,71];
𝑑𝐸
𝑑𝑥

𝑑𝐸

= (𝑑𝑥 )

𝑑𝐸

𝑛𝑢𝑐𝑙𝑒𝑎𝑟

+ (𝑑𝑥 )

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐

(2.2)

Due to the nuclear interaction, the target atoms are displaced from their lattice position which
causes lattice disorder and electronic interaction contributes to negligible deflection of ion
trajectory [70].
Ion implantation is a great technique for synthesizing MNPs. It is a clean, highly controlled
synthesis technique, which provides strict control of implanted dopant atoms and provides
concentration control of the embedded dopants into the target by controlling the fluence [72]. The
metal filling factor to be reached in the target matrix above the limit of solubility is one of the
greatest advantages in the ion implantation technique, which enables the total control of
concentration of implanted species and positioning of the ion beam on the target surface [72].
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For the synthesis of MNPs WMU’s low energy ion implanter was used. The WMU ion
implanter, is housed in the accelerator lab, is a custom built and has four important components.
•

Ion Source

•

Injector magnet

•

Einzel lens

•

Target chamber containing Lab View controlled XY stage.
The source of negative ions by cesium sputtering, simply known as SNICS, is used to

produce negative silver ions in this project. The ion source provides the desired ion beam for the
ion implantation. The injector magnet is used to filter the desire beam of interest and is guided
through the focusing einzel lens on to the target.
2.3 Rutherford Backscattering Spectrometry
RBS is analytical technique extensively used for the near surface layer analysis of solid
targets and was first introduced by Robin et al. in 1957 [73]. RBS is based on the bombardment of
solid targets with projectile. The incident beam collides with solid atoms of the target and is
backscattered into the detector. The incident ions energy range is normally between 0.5 MeV to
4.0 MeV [69]. Semiconductor nuclear particle detectors are used to record the energy of the
backscattered particles from the target. This detector operates on electron-holes pairs in the
depletion layer of the reversed biased diode. Electron-hole pairs created in the detector due to the
incident ions further creates an electrical pulse [69], which is proportional to the energy of the
backscattered particles. From the recorded energy of the backscattered particles the concentration,
composition of materials and the depth concentration profile of the individual elements is
determined [69]. As an example, RBS spectra of ion implanted quartz is illustrated in Figure 2.8.
There is no need for reference samples in this technique, therefore, it is quantitative. It is also a
fast, non-destructive analysis with good depth resolution, good sensitivity for heavy elements [69].
The collision between the projectile and target is elastic in which the total energy of the system
remains constant before and after the collision. The energy of elastically backscattered particles
depends on the kinematic factor and on the depth at which the scattering occurs.
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Figure 2. 8. RBS spectra of ion implanted sample with fluence 1.3×1016 p/cm2. The spectra were collected at scattering angle of
150o

2.3.1 Kinematics of Elastic Collision
In an RBS experiment, the incident particles with energy E0 collide with the target atoms
and are backscattered into the detector. During an elastic collision, some of the target atoms recoil
at an angle φ and some are backscattered at angle 𝜃. Conservation of energy and momentum can
be used to calculate energy E1 of backscattered particles (kinematics) [74,75],
1

𝐸1

⁄
(𝑀22 −𝑀12 𝑠𝑖𝑛2 𝜃) 2 +𝑀1 𝑐𝑜𝑠𝜃

𝐾=𝐸 =[
0

𝑀1 +𝑀2

2

]

(2.3)

where M1 and M2 are the masses of the incident particles and target atoms, where 𝜃 is the scattering
angle, and k is the Kinematic Factor defined by the ratio of the backscattered particle energy E to
the incident energy of the projectile E0 (k=E1/E0). If the incident beam energy is E0, incident
particles have mass M1, and the scattering angle is known then M2 is determined and the target
elements are identified. Based on the above expression the best mass resolution and energy
separation are obtained for light target elements. For heavy elements the mass resolution gets
smaller, and can be improved by selecting higher mass incident ion beam or energy [69].
2.3.2 Depth Profiling
Depth profile capabilities also have importance in ion beam scattering and it relates to
energy of scattered particles to depth in the target where scattering takes place. The reduced
scattered energy of the ion below the surface provides information about the depth profile of the
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elements [70]. The energies of backscattered particles are different since they are backscattered
from dissimilar paths in the target. Figure 2.9. shows how the alpha particles interact with target

Figure 2. 9. Interaction of incident particles with the target and backscattered from the surface and the depth x of target

and are backscattered from the surface as well as from the depth 𝑥 of target. Incident particles
accelerated with incident energy E0 hit the target. Incident particles that are backscattered from the
surface of the target with energy KE0 and have traveled into the target at some depth 𝑥, backscatter
with the energy KE < KE0. Incident particles with inner energy lost have a path length

𝑥
cos 𝜃1

(𝜃1 is the incident angle). Incident particles gaining energy KE just after being backscattered at
depth 𝑥 continuously lose energy on its way out. From the figure, it is apparent that
𝑥
cos 𝜃2

(𝜃2 is the exit angle )is the outer path length of scattered particles. Assuming the energy

𝑑𝐸

𝑑𝐸

lost, 𝑑𝑥 going in the depth x and coming out remains constant, the 𝑑𝑥 for the backscattered particles
at depth x is written as [74],
𝐾

𝑑𝐸

1

𝑑𝐸

𝐸1 = 𝐾𝐸0 − [cos 𝜃 (𝑑𝑥 )in+ cos 𝜃 (𝑑𝑥 )out]𝑥
1

2

(2.4)

where 𝐸1 is the backscattered energy of incident particles from an atom at depth 𝑥. If one considers
the difference between the incident beam energy 𝐸1 at the depth x and backscattered energy KE0
(from surface of target) then the above expression can be written as [74],
∆𝐸 = [𝑆]𝑥
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(2.5)

𝐾

𝑑𝐸

1

𝑑𝐸

𝑑𝐸

𝑑𝐸

where ∆𝐸 = 𝐾𝐸0 − 𝐸1 and [𝑆] = [cos 𝜃 (𝑑𝑥 )in+ cos 𝜃 (𝑑𝑥 )out]. Both (𝑑𝑥 )in and (𝑑𝑥 )out represents
1

2

the constant value of loss energy and [𝑆] is known as the energy loss factor which provides the
relationship between the energy and depth information called stopping power.
2.3.3

Scattering Cross Section
After an elastic collision between the target atom and incident particle, the identity of the

target atom is established by the energy of the scattered incident particles [75]. The collision
probability between target atoms and incident particles is determined the number of target atoms
per unit area. The probability of backscattering events is expressed in term of the differential cross
section. A schematic of the differential cross section is shown in Figure 2.10. Differential cross
section is defined as the ratio of the number of particles scattered into dΩ divided by total number
of incident particles [75]. The quantity dΩ = sin 𝜃𝑑𝜃𝑑∅ is called the infinitesimal element of solid
angle. The average differential cross section for the particles with incident beam energy E scattered
by the target particles in a thin film is expressed as [74],
1 𝑑𝑄(𝐸)

𝜎(𝜃, ∅) = 𝑁

𝑠

𝑄

1
Ω(𝜃)

(2.6)

Where 𝑁𝑠 = 𝑁𝑡, is the number of target atoms/cm2 (areal density), t is the thickness of the target
film with N atoms/cm3, Ω is the solid angle of the detector, Q is the total number of incident
particles in the beam and

𝑑𝑄(𝐸)
𝑄

is the fraction of scattered particles into the solid angle. Ns is related

to the number of backscattered particles [75]. It is obvious from the above expression that Ns can
be obtained if we know the value of the parameters σ, Ω and Q, thus quantifying the results.
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Figure 2. 10. A schematic of scattering experiment to show the concept of differential cross section

For the Rutherford scattering of incident particles with energy E0 into a solid angle dΩ
centered at angle 𝜃 ,the total scattering cross section is written as [75],
1

𝜎(𝜃) = (

𝑍1 𝑍2 𝑒 2
4𝐸0

)

⁄
2 4[(𝑀22 −𝑀12 sin2 𝜃) 2 +𝑀2 cos 𝜃]
1

2

⁄
sin4 𝜃𝑀2 sin4 𝜃(𝑀22 −𝑀12 sin2 𝜃) 2

(2.7)

Z1 and M1 is atomic number and atomic mass of incident particle and Z2 and M2 for target. From
the above expression one can tells that RBS is more sensitive for detection of elements with higher
Z on light substrates because of the proportionality relationship between the differential cross
section and (Z2)2 and the beam coming with the lower energy has a greater differential cross section
which can result in more backscattered counts/yield and it is because cross section is inversely
proportional to the projectile energy (E0)2.
2.4 Spectroscopy
Spectroscopy is the interaction between electromagnetic radiation and matter, as a function
of wavelength. When the light interacts with a material, one can get either an absorption, emission
or transmission spectra. Each of the processes can give an insight to the chemical environment,
bonding and the structure of the molecule. Different types of spectroscopy techniques are used for
analysis, however, here we included only those which were used for the project explained in this
dissertation.
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2.4.1 UV/Vis Absorption Spectroscopy
Absorption spectroscopy is one of the most significant and simplest techniques available
to

investigate optical and electronic properties of nanomaterials [76]. It is based on the

measurement of how much light is transmitted or absorbed by the material with the incident light
in the range of ultra-violet and visible region [77]. Radiation absorbed by the sample is measured
by the ratio of transmitted intensity and incident intensity of light. For the metal nanoparticles if
the incident light frequency matches the plasmon frequency of the metal nanoparticles it gets
absorbed. We used the absorption spectra to detect and obtain LSPR band width of ion implanted
silver nanoparticles. For instance, the LSPR peak of a silver implanted sample can be seen in
Figure 2.11 where silver nanoparticles absorbed light at 420 nm. The absorbance of a sample is
linearly proportional to the concentration of absorbing species that in our case is the silver
nanoparticles.
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Figure 2. 11. Absorption spectra of silver nanoparticles

2.4.1.1 Absorption Spectrophotometer
An absorption spectrophotometer is used to measure the absorption spectra of desire
samples. A block diagram of an electronic absorption spectrophotometer is shown in Figure 2.12,
which consists of the following important instrumental parts.
•

Light source

•

Monochromator

•

Sample chamber
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•

Detector

•

A/D convertor

Light

Monochromator

Display

Sample

Computer Software

Detector

A/D Convertor

Figure 2. 12. Block diagram of UV/Visible Spectrophotometer

When light from sources such as a Xenon lamp, LED lamp etc. passes through
monochromator, monochromator transmits only selected wavelength of light from a wide range of
wavelengths. The incoming beam of light with wavelength coming from the monochromator then
reaches the sample compartment where the target sample is kept in the sample cell by which the
absorption or transmittance is expected. The transmitted light from the sample cell then reach the
detector. The detector such as a photodiode, photomultiplier tube, measure the intensity of
incoming light and converts the radiation intensity into electrical current, the higher the current the
greater is the intensity, which can be monitored after converting the electrical signal to digital
signal by an Analog to Digital (A/D) convertor. The absorption spectrum of the sample of interest
is plotted as absorbance against wavelength (nm) in the UV and visible section of electromagnetic
spectrum. Most spectrophotometers cover the range of wavelengths from 200 to 800 nm.
2.4.2

Steady State Photoluminescence Spectroscopy
Steady-state Photoluminescence (PL) spectroscopy measurements are simple and are

performed with constant illumination and observation. It is a process where a sample is irradiated
with continuous beam of light and the PL emission is collected over a broad electromagnetic
spectrum as a function of emitted light wavelength [78]. As an example, the PL emission intensity
of coumarin 515 dye is shown in Figure 2.13. Spectral measurements are based upon single photon
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counting. The detector generates an analog pulse upon receiving a photon, which is digitized by
an analog to digital converter. The software gives an integrated sum of all the pulses coming from
the detector as a function of emitted wavelength, starting with the excitation and ending when the
last molecule in the excited state decays to ground state [79]. To identify the process in the sample
(fluorophore), the spectral shape and the peak of emission are important parameters which are
collected through steady state measurement. We used steady state measurement to see the effect
of embedded silver nanoparticles on the PL emission properties of fluorophores.
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Figure 2. 13. Photoluminescence intensity of Coumarin 515. Maximum emission occurred at 498 nm

2.4.2.1

Steady State Spectrofluorometer
For steady state PL measurements, a spectrofluorometer is used to measure the PL of

different samples after excitation with specific wavelengths of light. A block diagram of steady
state spectrofluorometer is demonstrated in Figure 2.14, which consists of the following main
instrumental parts,
•
•
•
•
•
•
•

Light source
Excitation monochromator
Sample compartment
Emission monochromator
Detector
A/D convertor
Computer software
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Display

A/D Convertor

Photomultiplier Tube

Figure 2. 14. Schematic of a steady state photoluminescence spectrometer

In steady state measurements, a Xenon arc lamp is used as a light source and the sample is
continuously illuminated with the beam of light. The Xenon lamp is high intensity at all
wavelengths ranging rising from 250nm to 700nm light source [78]. The spectrophotometer
consists of the excitation and emission monochromator. For measurements either the excitation or
emission monochromator can be selected. For collecting emission spectra, the excitation
monochromator needs to be fixed at the desired wavelength of light and the emission
monochromator is scanned to collect the PL emission spectra of desire sample. Likewise, for the
excitation spectra it is the other way around. Monochromators have entrance and exit slits. Slit
widths are variable so one can control the amount of light. The emitted PL light from the sample
pass through the emission monochromator and reaches to Photomultiplier Tube (PMT), a very
sensitive detector, which is at 90o to the incident light to minimize the risk of reflected light or
transmitted incident light. Some stray light may be transmitted by the monochromator [78]. Stray
light means the unwanted wavelength of light other than chosen one (other wavelengths than
targets). Therefore, measurement at 900 the light scattered by the sample causes stray light which
produces a better signal to noise ratio. The emission monochromator is connected to the detector
and detector is connected to the A/D converter. The electrical signal from the detector then reaches
A/D converter which converts this electric signal into a digital signal. The A/D converter is
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connected to the computer software for the controlling the emission-excitation scan and data
acquisition.
2.4.3

Time Resolved Photoluminescence Spectroscopy
Time Resolved Photoluminescence Spectroscopy (TRPS) is a powerful analysis tool in life

science and fundamental physics. TRPS is the study of dynamic processes in materials (constant
changing in materials) and it is used to measure the PL lifetime of different molecules. In TRPS
the PL of molecule is examined as a function of time after excitation by laser light. A pulsed laser
is used as a source of light for the excitation of sample. With the help of the pulsed laser, the
processes which occur at short time like ns, femtoseconds are possible to study. A representative
plot of PL lifetime of dye molecule (C 515) is shown in Figure 2.15.
In comparison to steady state PL spectroscopy the TRPS provides more information about
the molecular environment of the desired fluorophore and it is because the PL lifetime is very
sensitive to the molecular environment. The PL lifetime is the average time that the molecule stays
in the excited state before emitting the photon.
2981

PL Counts

1097
403
148
55
20
7
3
1
11

22

33

44

55

Time (ns)
Figure 2. 15. Photoluminescence lifetime of Coumarin 515 dye molecule

PL lifetime informs us about the state of the fluorophore and whether there is any donor or
acceptor in the molecular environment. Events, for instance, resonance energy transfer, dynamic
quenching, electron transfer etc. may occur at the same scale as PL lifetime which influences the
state of the fluorophore molecule [78]. Therefore, TRPS can be applied to study these processes
of different fluorophore which is are not possible to study through steady state measurements.
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Furthermore; steady state PL measurements belong to the average and relative representation but
lifetime measurements via time resolved belongs to the absolute representation where the
concentration has no role such as diluted/ highly concentrated sample etc. This means that high,
less concentrated samples will not affect the lifetime of the sample. This is the major advantage of
time resolved against steady state measurements.
2.4.3.1

Time Correlated Single Photon Counting
Time Correlated Single Photon Counting (TCSP) is a sensitive technique that is used to

measure the PL lifetimes [80]. In TCSP, a diode laser source is used and the time difference
between the single photon arrival before and after excitation is measured. The detector observes
the arrival of a single photon from the beam splitter which is referred as a start signal. Stop signal
is generated from the single photon, emitted after the de-excitation process. The difference of the
arrival time of both start and stop pulses gives the detection of single photon and the output comes
in the form of histogram of number of events (counts) versus time, as illustrated in Figure 2.16.
The emission-excitation process repeats many times to get a good decay curve. After repeating the
cycle many times, the accumulated photons and their arrival time is used to construct a PL decay
curve [81,82]. TCSP measurements are quantitative, absolute and have a high signal to noise ratio,
therefore, noise in the measurement is neglected.
The schematic diagram of TCSP is given in the Figure 2.17. A laser pulse is generated and
divided into two equal pulses by a beam splitter. One pulse that splits off by the beam splitter
reaches to Constant Fraction Discriminator (CFD). The CFD sets the start time of the electronics.
After passing through the CFD, the reference pulse reaches to timing device known as a time-tovoltage convertor or time-to-amplitude converter (TAC) circuit and activates it. The TAC produces
a voltage gradient which linearly increases with the time on the scale of nanosecond. A second
pulse from the beam splitter, after exciting the sample emits a photon that reaches the
monochromator to select a specific wavelength and then is detected by the Photomultiplier Tube
(PMT). The pulse generated by the PMT is passed through the discriminator and the signal is
directed to the TAC to stop the electronics [78,83]. The difference between the start and stop
signals measured by the TAC is then formed in a histogram. In other words, the start signals from
the PMT start the voltage ramp, and the signal from other PMT stop the voltage ramp.
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Figure 2. 16. Histogram of number of events (counts) versus time [81]
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Figure 2. 17. Schematic of TCSPC for lifetime measurements

Thus, the time of that start and stop voltage ramp is recorded by the TAC. The TAC has
the information of the voltage proportional to the time delay between ‘start’ and ‘stop’ photon.
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The longer the time taken by the sample to emit a photon, the higher the voltage pulse. The voltage
pulses are stored in Multi-Channel Scatter (MCS), which forms the horizontal axis in time scale
of nanoseconds. This process is repeated many times and start stop sequences are recorded and
plotted against the PL intensity which forms the vertical axis as PL counts.
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CHAPTER 3
EXPERIMENTS AND CHARACTERIZATION
3.1 Ion beam Synthesis of Embedded Silver Nanoparticles
The experimental setup for the low energy ion implantation is shown in Figure 3.1. For ion
implantation, the first step is to produce negative ion beam. Negative ions were produced from a
Source of Negative Ions by Cs Sputtering (SNICs II) connected to a Western Michigan
University’s (WMU) 6 MV tandem Van De Graff Accelerator. To produce negative ions, a source
cathode of the elements of choice is required. Ag powder was used as a source cathode to extract
negative ions to be bombarded on a quartz substrate. Usually the cathode is made of copper
(oxygen-free-conductivity copper) with 6.3 mm diameter and 4.3 mm deep cavity, drilled into a
20.5 mm and 8.00 mm diameter cylinder. Silver powder was compacted in the cathode and placed
in the source for the Ag negative ions. The cathode is placed at -6 kV with respect to the local
ground and was cooled. Ion beam from the source was extracted, focused, accelerated and was
filtered by a 20o injection magnet. A low energy einzel lens further focused the beam on to a low
Energy (LE) Faraday cup.
The slits (5mm by 5mm in size) were biased with +50 V battery to suppress secondary
electrons. The negative silver ion beam is finally focused on the target that is placed on a
LABVIEW controlled precision XY stage. The target sample holder is biased at 50 V as well to
suppress the secondary electrons. The XY stage consists of horizontal and vertical stepper motors
which scanned the incoming ion beam across the sample and a 3.5 cm2 scan area was maintained
to have uniform implantation over the area of interest. A digital current integrator is used to
measure DC current on the target and the current was integrated to get the desired charge on the
sample holder. We used the 10-8 Coulomb/pulse scale on the integrator to calculate the desired
fluence on the target. A counter is used to record the total number of pulses coming from the
current integrator. The fluence was calculated from the total charge accumulated on sample
divided by the electronic charge and the area in cm2.

40

Circular fused quartz (SiO2) of 1 mm thickness and 10 mm in diameter was used as a
substrates and Ag- ions with 70 keV bombarded the substrate at room temperature. Quartz is used
because it is transparent for wavelengths ranging from 190 to 2500 nm. Before implantation, quartz
samples were cleaned with acetone to remove the surface contaminants and then implantation took
place for different fluences. The ion energy was selected by the Stopping and Range of Ions in
Matter (SRIM) [84] calculations. Ion beam fluences of 0.8×1016 particles/cm2, 1.1 ×1016
particles/cm2, 1.3×1016 particles/cm2, 1.5×1016 particles/cm2,3.0×1016 particles/cm2, and 4.5×1016
particles/cm2 were obtained from RBS measurements used for this experiment. The low energy
ion implantation beamline located at WMU is illustrated in Figure 3.2.
Vertical and horizontal
stepper motors
(LABVIEW controlled)
SNICS II
Negative Ion source

Flexible bellows
Sample holder
+50 V biased
50 kV
Slits
Einzel

Injector
magnet

Low energy
Faraday cup

Pulse counter

Current
digitizer

Figure 3. 1. Experimental setup for low energy Ion implantation technique
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Low energy ion implanter

Figure 3. 2. Low energy ion implantation beamline at Western Michigan University

3.2

Rutherford Backscattering Spectrometry
The RBS experiment was carried out using the tandem Van De Graaf Accelerator facility

at the Western Michigan University (WMU). The chamber attached to the beamline that is 300
right of the switching magnet is used as a target chamber for performing RBS experiment. The
chamber for the RBS experiment is shown in Figure 3.3. To obtain the concentration and depth
profile of implanted Ag in the quartz substrate, RBS was carried out with 2.5 MeV He++ ions at
room temperature. A schematic of RBS experimental setup is illustrated in Figure 3.4. Negative
helium ions were produced from the RF-source and fed into the accelerator. The RF source,
mounted at 3o right of the injector magnet, was used for the He negative beam. For guiding and
focusing the same setup is used as was used for the beam coming from the SNICS. The target
chamber is a circular chamber under vacuum that has two upstream collimators. The chamber was
kept at a vacuum of 10-6 Torr using molecular turbo pumps. This chamber is provided with a
turntable that can be moved from the outside to change the scattering angle. The detector was
placed on the turntable at 150o scattering angle and 2.5 mm collimators, that defined the beam size
on the target, was used for RBS data. The target sample was placed on a holder and biased at 180
V battery to suppressed secondary electrons. The beam intensity was adjusted so that the current
on the target 10 nA-15 nA. Low ion beam currents help to prevent the pile-up effects during the
process of detecting backscattered particles. Pile-up arises when the detector system time response
is not fast enough to distinct the individual events on the detector due to a high rate of encountered
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events. Consequently, in such situations two events may end up being recorded as one event, which
leads to false measurements.

Detector

Sample holder

Figure 3. 3. Chamber for RBS experiment

Scattering Angle
𝜃

Exit
angle
𝛽

Incident
𝛼
angle

MeV He Beam

Collimator
Target
sample
Figure 3. 4. Schematic of RBS experimental setup

A digital current integrator is used to record the total accumulated deposited charge on the
target (for the RBS experiment, the scale representing10-10 C/pulse is used). Backscattered helium
particles were collected at incident and exit angles of 0o and 30o respectively (Figure 3.4). The
detector used was an ORTEC surface barrier silicon detector. The surface barrier silicon detector
of energy resolution of 12 keV operates with a reverse bias of 40 V. The detector gives a reverse
current upon the arrival of backscattered He from the target. The reverse current is converted into
the voltage pulse in the preamplifier that is in direct proportion to the backscattered energy. A
spectroscopy amplifier is used to further amplify the input voltage pulse from the preamplifier.
Finally, signals from the spectroscopy amplifier are digitized by the A/D convertor and the MCA
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places the digitized input at the right spot on the energy axis. The A/D convertor requires voltage
signals of 10 V or less, so the gain of the spectroscopy amplifier was set to keep the voltage signals
less than 10 V. The plot produced by the MCA consists of counts vs channel numbers and a
calibration factor was calculated to convert the scale to energy. Backscattered energy of Si and O
with 2.5 MeV He ions was obtained with known kinematic factors and was plotted with channels
on horizontal axis. Calibration factor was then obtained using the straight-line formula 𝑦 = 𝑚𝑥 +
𝑐, where c is the Y intercept (offset in keV) and m is slope of the energy vs channel plot
(keV/channel). The general schematic of RBS including accelerator is shown in Figure 3.5.

Chamber
Tandem accelerator
RF-source

Si detector

Multi-channel
analyzer

Computer
software

Spectroscopy
amplifier

Pre-amplifier

Figure 3. 5. General schematic of RBS experiment setup including Tandem accelerator and Target chamber

Fluences of 0.8 × 1016 , 1.1 × 1016 , 1.3 × 1016 , 1.5 × 1016 , 3.0 × 1016 , and 4.5 × 1016
particles/cm2 were obtained for the RBS measurements. The RBS data was simulated and analyzed
by using the SIMNRA simulation program [84]. The composition, concentration, and film
thickness are calculated by fitting the experimental data by means of simple algorithm. As an
example, both the experimental and simulated data for the fluence 1.5 × 1016 particles/cm2 are
shown in Figure 3.6. The energies in keV on the horizontal axis are the backscatter energies of He
from the silver, silicon, and oxygen atoms. The silicon, and oxygen edges are the backscattered
He from the surface of the substrate at 1380 keV, and 790 keV, respectively and plateau following

44

the edges is the He backscattered from Si and O below the surface. The silver peak which is at
1380 keV is the He backscattered from Ag atoms which are embedded within the substrate.
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Counts

1440

Fluence-1.5x1016p/cm2

1080

720

Oxygen edge

Silver peak

360

Silicon edge
0
350

700

1050

1400

1750

2100

Energy(keV)
Figure 3. 6. Experimental and simulated RBS spectra of ion implanted substrate with 2.5 MeV He++ ions backscattered at
scattering angle of 150o

3.3

UV/visible Spectroscopy
UV/Vis spectroscopy is an optical absorption spectroscopy in the ultraviolet and visible

region. For the characterization of silver nanoparticles, absorption measurements were carried out
using Shimadzu-UV-2101PC absorption spectrophotometer (Figure 3.7) with 1.0 nm slit width
(spectral band width). The measurements were carried out at room temperature and the absorption
spectrum for all ion implanted samples were collected in the wavelength range from 200 nm to
700 nm. A photomultiplier tube (Model No. R-928) was used as a detector for recording the
absorption spectra of target samples. Deuterium and tungsten halogen lamps were used as the light
source. A deuterium lamp covers the wavelength range from 190 nm to 370 nm (ultraviolet) and a
tungsten halogen lamp from 320 nm to 1100 nm (visible). The resolution was set to 0.1 nm and
wavelength scanning speed to 250 nm /min. Data were plotted with Origin software for analysis.
Absorption spectrum of silver nanoparticles measured with the Shimadzu-UV absorption
spectrophotometer is illustrated in Figure 3.8. The absorption band of silver nanoparticles is in the
range of 300 nm to 700 nm for the ion fluence of 1.3 × 1016 particles/cm2. The maximum
absorbance peak is located at around 402 nm.
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Figure 3. 7. Picture of Shimadzu-UV-2101PC absorption spectrophotometer at WMU
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Figure 3. 8. Absorption of silver nanoparticles on quartz matrix

3.4

Steady State and Time Resolved Photoluminescence Spectroscopy
For Metal Enhanced Photoluminescence (MEP), a stock solution of 100 M C515 dye was

prepared in ethanol and a solution with lower concentration was also prepared by dilution (Figure
3.9). The stock solution of prepared C 515 in ethanol was sonicated for about two minutes. Lead
halide perovskite nanocomposites including CsPbBr3, CsPbBrI2 and CsPbI3 were obtained from
the Department of Chemistry, at WMU. Prepared perovskites in solutions of hexane are shown in
Figure 3.10. A 40 µL dye molecule and perovskites were drop casted on bare and silver implanted
quartz substrates. A layout of the drop casting method is illustrated in Figure 3.11. All the prepared
drop casted samples were measured on the day of preparation.
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Figure 3. 9. Prepared C 515 solution in ethanol

Figure 3. 10. Perovskites nanocomposites solutions in hexane

Before the drop casting process, bare quartz and ion implanted quartz sample surfaces were
cleaned with acetone and dried with dry nitrogen. After drop casting, all samples were kept at room
temperature for about 20 to 50 minutes to dry before taking data. All prepared samples were placed
on a glass slide in the sample compartment for the PL measurements. The position of all prepared
samples remained fixed in the sample compartment for the measurements.
The steady state and time resolved PL spectroscopy measurements were carried out using
an Edinburgh F900 spectrofluorometer (Figure 3.12). Monochromators model M300 were used
to select both the excitation and emission wavelengths. As sample compartment model UC920
were used for the target samples. Both the M300 and UC920 models were manufactured by
Edinburgh Instruments Ltd. A 450 W Xenon lamp was used as the excitation light source for
collecting the PL emission and excitation spectra of the desired fluorophore materials and a single
photon counting PMT model R918 P (manufactured by Edinburgh) was used as the detector for
steady-state and time resolved PL.
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Figure 3. 11. Schematic of drop casting C 515 and perovskites crystal on the silver implanted quartz substrate

The PL emission spectra of drop casted C515 were obtained by 410 nm excitation
wavelength. The excitation spectrum was measured keeping the emission monochromator fixed
at 510 nm. The PL spectra of CsPbBr3, CsPbBr12, and CsPb13 are monitored by excitation
wavelengths of 420 nm, 480 nm, 570, and 620 nm. Slit widths for excitation and emission were
fixed at 5 nm for all measurements and the resolution was fixed at 1 rev/min for all samples. The
measurements were repeated three times and error bars were obtained from such analysis. Figure
3.13 shows the emission spectra of C 515 after drop casting it at quartz substrate. The maximum
emission peak of C 515 was observed at 494 nm with the emission band from 430 nm to 650 nm.
For PL lifetime measurements, time-correlated single-photon counting measurements were
carried out with 370 nm and 457 nm diode lasers as the excitation source with a repetition rate of
20 MHz, and 5 MHz for the C 515 and the perovskites, respectively. Different repetition rates were
used because of the difference in the lifetime scale. The PMT was used as a photon detector. The
decay traces were deconvoluted with an Instrument Response Function (IRF) for C 515. The
instrument response function was obtained from measuring scattered. A filter was used to remove
any scattered light that could enter the monochromator from the sample cell. For obtaining the PL
decay dynamics of the samples, the decay curves are fitted with the multi-exponential functions
using the equation below [85],
−𝑡⁄
𝜏𝑖

𝐹(𝑡) = ∑𝑛𝑖=1 𝑎𝑖 𝑒

The average PL lifetime of the samples are calculated by using the equation,
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(3.1)

< 𝜏 >=

−𝑡⁄
𝜏𝑖
∑𝑛
𝑖=1 𝑎𝑖 𝑒

(3.2)

∑𝑛
𝑖=1 𝑎𝑖

where 𝑎𝑖 and 𝜏𝑖 are the weighting factor and the PL lifetimes of the ith component of the target
sample. The least error fit is obtained by reducing chi square values which should be close to unity
[85]. For perovskites nanocomposites, tail fit was used (Figure 3.14), which does not use the reconvolution of the IRF, because IRF is used for samples with short lifetime (< 5 ns). However, for
larger lifetimes (> 5 ns) there is no need of using the IRF and the fitting is done without the
instrument response. For the perovskites n=3 was used to fit the PL decay curve however, for C515
the decay was fitted with n=2.
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Figure 3. 12. Edinburgh F900 spectrofluorometer [86]
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Figure 3. 13. Photoluminescence emission intensity of C 515 molecule on reference quart sample. Spectra were collected with the
Edinburgh F900 spectrofluorometer
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Figure 3. 14. Photoluminescence lifetime of CsPbBr3 perovskite on a reference quartz substrate by excitation of 370 nm and the
photoluminescence decay was monitored by fixing the emission wavelength at 540 nm. The exponential decay was fitted without
instrument response function by using Origin software. Lifetime data was collected with the Edinburgh F900 spectrofluorometer
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Stopping and Range of Ions in Matter Calculations
Before ion implantation, Stopping and Range of Ions in Matter (SRIM) [84] calculations

were carried out for 70 keV Ag ion beam energy and zero-degree incident angle to obtain the depth
distribution of silver atoms (atomic mass 107.86) in a quartz substrate by using the density of SiO2
(2.65 g/cm3). SRIM, is a computer simulation program based upon a Monte Carlo binary collision
approximation code that calculates stopping and range of ions in materials. A representative SRIM
plot of 70 keV Ag ion beam energy in a quartz target is shown in Figure 4.1 A. The SRIM
calculations were achieved with 600,000 incident ions and the resultant Bragg-peak, which gives
maximum number of ions stopping at a certain depth below the surface of the target, was obtained.
The width of the peak is due to the energy straggling. The process of statistical fluctuations in the
number of collisions along the path of the particles, amounts to the energy lost per collision and is
called energy loss straggling. The edge of the peak started at 15 nm, while the Bragg peak was
maximum at 34 nm. With the increase of ion energy, the Bragg peak shifts deeper into the target
and energy straggling is also increased (Figure 4.1 B). The effect of different energies (40 keV to
80 keV) of Ag ions within the quartz target is observed in Figure 4.1 B. Due to the energy
straggling, the width of the peak increases and the Bragg peak shifts deeper into the material. This
effect is illustrated in the Figure 4.1 C, which is a cartoon of the projected range (Bragg peak) and
the width of the implanted layer (6 nm to 10 nm) within the quartz substrate.
We used 70 keV Ag ion beam energy to minimize the energy straggling as well as maintain
the desired stopping distance of incident ions in the target substrate. The distance below the surface
is critical for the PL enhancement of the fluorophore. Therefore, energies in MeV range were not
used for this project.
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The range data were generated using the option “Ion Distribution and Quick Calculation
of Damage” in the SRIM program. This option was selected because it allows the calculation to
run faster by eliminating details about target damage or sputtering yields [84], while sustaining
accurate results for the final distribution of ions in the solid target. Since quartz was selected as
the target, this substrate is polycrystalline, in which the crystal consists of many parts that are
randomly oriented with respect to each other, so substrate damage was not calculated in our case.
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Figure 4. 1. SRIM simulations of 70 keV Ag ions in a quartz substrate with the Bragg peak and peak edge at 34 nm and 15 nm,
respectively, (B) SRIM plot of Ag ions in a quartz substrate with different ion beam energies which shows energy straggling as
well as depth of ions in material, and (C) a schematic representation of energy straggling and variation in depth distances by
increasing ion beam energy

4.2

Ion Implantation of Silver in Quartz
Ion implantation of Ag- ions in quartz substrates was perfected and optimized to obtain a

uniform distribution of Ag atoms. After the optimization process, quartz substrates were implanted
with 70 keV Ag- ions at room temperature. For the study six samples were implanted with different
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ion beam fluences, which were used to obtain various distribution of silver nanoparticles at fixed
depths in quartz substrates. The ion beam fluences of Ag implanted ions are shown in Table 4.1.
The fluences were selected to get necessary nucleation for the growth of nanoparticles. Fluences
less than 1015 particles/cm2 means the atoms remain well separated and not form nanoparticles
[87]. Increased fluence leads to higher filling factors that result in higher nucleation that increases
the size of nanoparticles [88]. In addition, increased fluence that leads to high metal filling factors,
reduces the inter-particle distance between nanoparticles. Reduced inter-particle distance produces
enhanced electric field upon the excitation of nanoparticle with incident light. This phenomenon
is also called plasmonic coupling [89].
4.3

Rutherford Backscattering Spectrometry Measurements
Rutherford Backscattering Spectrometry (RBS) measurements were carried out with

2500± 15 keV He++ ions. Backscattered ions were recorded with a surface barrier Si detector at
150o scattering and 30o exit angle. The incident beam current was maintained at 10 nA on the
target samples. The collected experimental RBS data was simulated with SIMNRA [84], a
Microsoft Windows program used for simulating the charged particles energy spectra with MeV
energies in ion beam analysis. Experimental and simulated plots of silver implanted substrates can
be seen in Figure 4.2. The x-axis of the plot represents the energy of the backscattered particles
from the target atoms, and the y-axis are the backscattered events/counts. The silicon and oxygen
edges are at 1480 keV and 960 keV respectively, and the silver implanted edges is at 2135 keV
and these are the energies of backscattered He at 150o scattering angle as seen by the detector. The
peak in the RBS data for oxygen in the quartz substrate represents the non-Rutherford
backscattering of He ions at 2.5 MeV. RBS data were taken at different days therefore, the peak
in the O is missing in other plots. Figure 4.3 illustrates the non-Rutherford scattering cross section
of He on O. With just a 1 % change from 2500 keV in the incident energy of He, the peak in cross
section goes away. Therefore, in SIMNRA the incident energy was selected that gives a good fit
to the experimental data. Simulation of the experimental spectra provided the thickness of the
layer, the elemental composition and concentration percentages of the layered microstructure [84].
The first in the simulation had the elemental concentration matched to the chemical composition
of quartz substrate (SiO2). In the first layer, there is no silver, which means that silver is not on the
surface of the quartz. The second layer was simulated with the mixture of Ag, Si and O. The
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elemental composition, concentration and film thickness of silver implanted layer is shown in
Table 4.1 and Table 4.2. for all implanted samples. A depth scale of 1015 atoms/cm2 is characteristic
for RBS analysis, which describes the number of target atoms visible to the incident ion beam.
Using the bulk density of the quartz substrate (2.65 g/cm3) and the areal density of the first layer
obtained by RBS, the depth of Ag silver below the quartz surface was calculated using the
following formula,
Thickness =

[(𝐶𝑠𝑖 )(𝑀𝑠𝑖 )+(𝐶𝑜𝑥𝑦 )(𝑀𝑜𝑥𝑦 )]×𝐴

(4.1)

𝑁𝐴 ×𝐷

where 𝑀𝑠𝑖 = 28.0 𝑎𝑚𝑢 and 𝑀𝑜𝑥𝑦 = 16 𝑎𝑚𝑢 are the molar mass of silicon and oxygen, 𝐶𝑠𝑖 and
𝐶𝑜𝑥𝑦 are the concentrations of silicon and oxygen in the quartz matrix, 𝑁𝐴 is Avogadro’s number
in the SI unit of atoms/mole, D is the density of SiO2 (gram/cm3), and A is the areal density in unit
of (atoms/cm2). Both the areal density and concentration of silicon and oxygen was obtained from
SIMNRA simulations and is given in Table 4.1. The layer elements in SIMNRA must add up to 1,
which mean 100 %.
Table 4. 1. Elemental concentration and film thickness of implanted Ag in a quartz substrate at different fluences

Implanted
fluence
(particles/cm2)

RBS fluence
(particles/cm2)

1.0×1016

0.8×1016

33

67

32×1016

38

1.5×1016

1.1×1016

35

65

24×1016

30

2.0×10

16

16

1.3×10

33

67

16

26

2.5×1016

1.5×1016

34

66

16

16

4.0×10

16

5.0×10

SiOAreal density
concentration concentration (atoms/cm2)
layer 1 (%)
layer 1 (%)

3.0×10

33

16

4.5×10

21×10

17.5×1016
16

67

33

Thickness
(nm)

17×10

23

16

67

22

9×10

12

Table 4. 2. Elemental composition of implanted Ag in a quartz substrate at different fluences

RBS fluence
(particles/cm2)

Layer 1 thickness
(particles/cm2)

0.8×1016
16

Composition layer 1(%)

Composition layer 2 (%)

Si

O

Ag

Si

O

Ag

320×1015

33

67

0

37

62.2

0.8

240×10

15

35

65

0

35

61

4.0

1.3×10

210×10

15

33

67

0

35

60

5.0

1.5×1016

175×1015

34

66

0

34

6.0

6.0

16

15

33

67

0

36

54

10.0

33

67

0

30

57

13.0

1.1×10

16

3.0×10

170×10

4.5×1016

90×1015
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Figure 4. 2. Experimental and simulated RBS plots for the Ag-Implanted quartz substrate at different ion beam fluences
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Figure 4. 3. The plot shows the cross section of Oxygen

From RBS measurements, it is also observed that by increasing the silver implanted ions
in the quartz substrate (fluence), the thickness of the first layer is decreasing. Thickness of the first
layer corresponds to the depth of implanted silver particles below the surface. The depth profile of
Ag ions calculated by using SRIM agrees with RBS data for the substrates implanted with low
fluence. As the fluence increases SRIM and RBS data are not in agreement. Table 4.1 provides the
depth profile of silver atoms with respect to different ion beam fluence.
It is reported [87,88,90] that with low fluence, ions after stopping in the substrate are
dispersed throughout the stopping layer and are well separated from each other. However, higher
fluence leads to atoms being closer to each other resulting in a higher nucleation rate and
nanoparticles are formed. With further increase in fluence, the size increases bring Ag
nanoparticles closer to the surface. In the summary, the particle size and growth within the stopping
layer is proportional to metal filling factor. As a result, large nanoparticles in the same target
substrate with high fluence will be near to the substrate surface, as shown in the schematic of
Figure 4.4 A.
The RBS spectra showing the scattering of silver for all the embedded Ag-implanted
substrates are shown in Figure. 4.4-B. An upsurge in peak intensities of silver peaks in the RBS
spectra reveals the expected increase in concentration of silver atoms at some depth below the
target surface. The same behavior was found in the literature as well [87,91]. The SIMNRA
simulation of RBS data gave fluences for 0.8×1016, 1.1 ×1016, 1.3×1016, 1.5×1016, 3.0×1016, and
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4.5×1016 particles/cm2. There are slight variations in the scattering of silver peaks for the fluences
4.5×1016 particles/cm2 (2136 keV) and 0.8×1016 particles/cm2 (2138 keV) in comparison to others
(2135 keV) which might be attributed to the change in incident beam energy. As the data was run
on different days that become the reason of change in beam energy.
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Figure 4. 4. (A) Schematic of nanoparticles growth (B) Overlapped experimental RBS spectra for backscattered He ions between
2100-2226 keV showing the peak intensity increases with fluence for Ag implanted in quartz substrates

4.4

UV/visible Spectroscopy Measurements
The UV/visible absorption spectra of Ag implanted quartz substrates were taken in the

range of 300 nm to 700 nm wavelength and is shown in Figure 4.5. Characteristic localized surface
plasmon absorption peaks were observed for Ag implanted quartz substrates with different ion
beam fluences from 0.8×1016 particles/cm2 to 4.5×1016 particles/cm2 confirming the presence of
embedded Ag nanoparticles. An increase in the optical intensity of the LSPR peak was observed
with increased concentration of silver in quartz substrates. Increased concentration of silver
corresponds to increase in ion beam fluence confirmed by the RBS measurements [88]. The
maximum optical intensity of the LSPR peak occurred at an absorption wavelength of 422 nm for
the substrate implanted with 4.5×1016 particles/cm2 fluence. The reference quartz is the substrate
with no embedded Ag nanoparticles, which shows no LSPR peak (Figure 4.5). The ion implanted
substrate with a fluence of 0.8×1016 particles/cm2 did not show the characteristic plasmon
absorption peak, which indicates that this fluence is insufficient for Ag nucleation, therefore,
nanoparticles did not form [88]. At low fluences, nucleation and growth of metal particles do not
occur, and the diffusion process is very slow at small fluences. However, from RBS measurements
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(Figure 4.2), a silver peak is observed for the fluence 0.8×1016 particles/cm2, which shows that
there are silver atoms in the quartz substrate. Therefore, there could be Silver Nanoparticles (Ag
NPs), but they are too small and do not support LSPR. It has been reported [92] that metal
nanoparticles with size < 2 nm do not support LSPR.
Furthermore, the absorption spectra of silver implanted quartz were normalized to show
the difference in the absorbance features with respect to ion beam fluences. Figure. 4.5 B shows
the normalized LSPR peaks at the different ion beam fluences used. An increase in the ion beam
fluence exhibits broadening as well as a red shift of LSPR peaks. The broadening of the LSPR
peak with the increase in ion beam fluence can be associated with the size variations of Ag NPs,
since successive ion implantations of high concentrations silver into a quartz substrate results in
the enlargement of particles due to the nucleation process which takes place during ion
implantation [88]. The first LSPR peak in the optical absorption spectrum shifts to longer
wavelength from 402 nm to 422 nm with the increase in ion fluence. The red-shift in the absorption
wavelength can be attributed to increased inter-particle field coupling [93] as well as to increased
size of the Ag NPs [31]. Inter-particle field coupling or plasmonic coupling occurs when the
separation gaps between nanoparticles decreases. As a result of this coupling, electric field is
enhanced within the inter-particle gap resulting in hot spots.
Field coupling shifts the LSPR peak shifts towards longer wavelengths (red-shift). Our
results support that the strong red-shift is attributed to the creation of hot spots because of the
decrease in interparticle distance among the nanoparticles, and the small red-shift could be
associated to the larger size nanoparticles. When the nanoparticle size gets larger, the distance
between dipoles increases, and as a results, the conduction band electrons starts to oscillate over
large distances (mean free path of electrons), resulting in smaller or weak restoring forces and
hence less energy is required to excite conduction band electrons which red-shift the plasmon
frequency. Therefore, LSPR peaks shifts towards the longer wavelength. The increase in the size
of Ag NPs can be attributed to the enhanced diffusion of silver atoms dispersed within the substrate
due to increased concentration gradients of silver ions. Diffusion within the quartz matrix could
be associated with the localized beam heating during the ion implantation process [88,94,95].
Similar behavior was observed in the literature [94,95,96,97]. Therefore, the red shift is significant
for substrates implanted with higher fluence, which is attributed to the nanoparticle size increase
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and formation hot spots. A schematic of interparticle coupling is shown in Figure 4.6. Moreover,
according to the Mie theory the absorption cross section of nanoparticles is given as [27,98],
𝜀−𝜀

𝜎𝑎𝑏𝑠 = 4𝜋𝑘𝑎3 im [𝜀+2𝜀𝑚 ]
𝑚

(4.2)

where, k is the wave vector, a is the radius of nanoparticle, 𝜀, and 𝜀𝑚 are the nanoparticle and
material dielectric constants.
According to Drude model [2], the metals consists of a free electron gas (plasma) in a
lattice of fixed positively charged ion core. For metals, the Drude dielectric can be described as,
2
𝜔𝑝

𝜀(𝜔) = 1 − 𝜔2 +𝑖𝛾𝜔

(4.3)

by combining the resonance condition 𝜀 = −2𝜀𝑚 and Drude dielectric function, the LSPR peak
position can be found as [99],
𝜔2

𝜔LSPR = √1+2𝜀𝑝 − 𝛾 2
𝑚

(4.4)

with 𝛾 being the damping constant, and 𝜔𝑝 the plasmon frequency of bulk material that relates
to the conduction electron density n and is written as,
𝑛𝑒 2

𝜔𝑝 = √𝑚∗ 𝜀

𝑒 0

(4.5)

where, e is the electronic charge, and 𝑚𝑒∗ is the effective electron mass. Thus, an increase in the
conduction electron density increases the plasmon frequency, which directly explains the strong
red-shift of the LSPR peak position.
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Figure 4. 5. Absorption spectra of Ag implanted MNPs within a quartz substrate for different fluences, (A) Absorption intensity
increases as Ag ion fluence increases. Normalized plot, clearly showing a red-shift of the LSPR peak with increasing Ag ion
beam fluence (B)

Figure 4. 6. Schematic of field coupling

4.5

Metal Enhanced Photoluminescence Measurements
Metal Enhanced Photoluminescence (MEP) investigations were carried out using C 515

dye and lead halide perovskites as fluorophores. The C 515 dye molecule, is a fluorophore with
good photo-stability, and its photo-physics is well studied [100]. Coumarin, is an important family
of compounds and, as a family of molecules, displays a wide range of interestin g PL emission
properties, with a high degree of sensitivity to their local environment [101]. Lead halide
perovskite is a material with a specific crystal structure composed of cesium, lead, bromine and
iodine having the chemical formula CsPbX3 (X = Cl, Br, and I). Lead halide perovskites have
received significant attention because of the wide variety of optoelectronic applications including
photovoltaics [102,103], Light Emitting Diodes (LEDs) [102,103,104,105], amplified spontaneous
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emission lasing [106,107], lasers [104], and optical sensing [102]. Because of their high
performance, low cost and abundance, these materials are considered the most promising materials
for the future optoelectronics applications [102]. Significant progress has been made in perovskites
LEDs and lasing devices. One of the most crucial tasks is to enhance the PL of fluorophores. LSPR
of embedded Ag nanoparticles was probed to study MEP of fluorophores. For measurement C 515,
CsPbBrI2, CsPbI3 and CsPbBr3 were used, and drop casted on reference quartz (no silver particles)
and silver implanted quart substrates.
For the investigations, fluorophore with 40 µL concentration was used. The drop casted
fluorophores were dried in air. For C 515, the drying time was 15 min- 20 min (ethanol melting
point -114o) and for perovskites, it was 45 min (hexane melting point -94o). Before drop casting,
the substrates surfaces were cleaned with acetone. The UV/visible absorption spectrum of
reference and Ag implanted quartz with drop casted fluorophores was taken on the same day at
room temperature in the range of 300 nm to 800 nm. Steady state excitation, emission and time
resolved PL spectroscopy was carried on the all the quartz substrates.
4.5.1 Interaction of C 515 with Embedded Silver Nanoparticles
4.5.1.1 UV/Visible Measurements
UV/Visible spectra of C 515 on reference and implanted quartz at with different fluences
are shown in Figure 4.7. The reference quartz substrate is transparent to UV/visible and, after drop
casting C 515 on it, the absorption peak was detected in range 400 nm to 422 nm. In a similar way,
the C 515 molecule drop casted on to the Ag implanted quartz substrates (Figure 4.7 B, C), it can
be observed that there is an increase in the absorption intensity of Ag-implanted quartz/C 515 as
compared to just the Ag ion implanted quartz, which is the superposition of absorptions of C 515
and Ag nanoparticles. To obtain the absorption of the C 515 dye, absorption of Ag-NPs/C 515 was
subtracted from the absorption of Ag NPs and is presented in Figure. 4.8. The absorption of C 515
dye appears to be unaffected with embedded Ag NPs as the subtraction for the sets of data with
different fluences gave reproducible results. This indicates that there is no direct ground state
interaction (chemical interaction) between the C 515 molecule and Ag NPs. This is a useful and
important aspect of using embedded ion implanted Ag NPs for metal enhanced PL of dye
molecules. With the ground state interaction, it is well known that the PL of dye molecules are
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often quenched in the presence of MNPs, leading to the energy transfer or charge transfer between
the two [61,108].
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Figure 4. 7. (A) Optical absorption spectra of C 515 on reference quartz, (B and C) C 515 on Ag-implanted quartz substrate. An
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Figure 4. 8. The comparison between the subtracted C 515 with the drop casted C 515 on the reference substrate

4.5.1.2 Steady State and Time Resolved Photoluminescence Measurements
Photoluminescence (PL) emission intensity of C 515 after excitation at 410 nm, measured
on reference quartz and silver implanted quartz substrates for different ion beam fluence is shown
in Figure 4.9 A. The PL intensity of C 515 was recorded by scanning the emission monochromator
from 420 nm to 650 nm. The maximum PL intensity peak of C 515 is observed at 496 nm on the
reference and ion implanted quartz substrates. Figure. 4.9 A illustrates that the PL emission
intensity of C 515 on ion implanted substrate increases with increasing Ag fluence. This increase
in the PL emission is the manifestation of the MEP of the C 515 in the presence of the Ag
nanoparticles. Figure 4.9 B shows excitation spectra of C 515 on the quartz substrates. For this
measurement the excitation monochromator was scanned from 300 nm to 500 nm and the emission
monochromator was fixed at 510 nm. The enhancement in the excitation spectra follows the trend
observed in the emission spectra. The surprising aspect of the excitation enhancement is that the
350 nm excitation wavelength leads to a greater increase when compared to 450 nm excitation
wavelength. The 350 nm excitation lies within the LSPR band of silver nanoparticles. Moreover,
with the increase in Ag ion beam fluence, the higher energy side of the excitation spectra of C 515
reveals a significant enhancement. Therefore, the close proximity of Ag NPs affects the excitation
of the C 515 and as result PL emission as well. For further analysis, the ratio of excitation
intensities at 350 nm to 450 nm were determined for all the quartz substrates and is illustrated in
Figure 4.10 A. Note from the figure, that the ratio on bare quartz is around 4, but it increases to 9
at the highest Ag NPs concentration, which confirms that MEP is quite prominent with ion
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implanted Ag NPs. The corresponding enhancement factor as a function of Ag ion beam fluence
with fixed ion beam energy is provided in Table. 4.3. The PL enhancement factor was determined
from the ratio of excitation intensities with and without Ag NPs. The results provided in Table. 4.3
show that nearly double the PL enhancement factor was observed at high silver ion beam fluences
that can be entirely attributed to MEP. An increase in ion beam fluence increases the size of the
Ag NPs and creation of hotspots, which contribute significantly to PL intensity enhancement of C
515 dye.
Table 4. 3. PL enhancement factor with different fluences and ion energy

Energy (keV)

Fluence
PL Enhancement
(1016 particles/cm2)
factor

0

0

No enhancement

70

0.8

1.2±0.1

70

1.1

1.5±0.1

70

1.3

1.7±0.2

70

1.5

1.9±0.2

70

3.0

2.1±0.2

Moreover, PL lifetimes of C 515 were also measured using Time-Correlated Single Photon
Counting (TCSPC) for all ion implanted samples (Figure 4.10-B). C 515 was excited by a diode
laser with excitation wavelength of 370 nm and the PL decay was monitored by fixing the emission
wavelength at 510 nm. The same excitation and emission wavelength were used for all ion
implanted samples. For obtaining the PL decay dynamics, two exponential functions were used
for fitting PL emission decay curves using the Edinburg software, given by the equations (3.1),
and (3.2). The average PL lifetimes of C 515 (inset Figure 4.10 B) on ion implanted quartz and
reference quartz substrates was determined to be around 4.1 ± 0.5 ns and it remained unchanged
for all the ion implanted substrates suggesting that embedded Ag NPs in quartz do not quench the
PL of the adsorbed fluorophore. This phenomenon is probably due to enough separation distance
between Ag NPs and C 515 dye that does not alter radiative decay of excited C 515. A
representation of MEP of the C 515 is illustrated in Figure 4.10 C.
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4.5.2 Interaction of Embedded Silver Nanoparticles and Lead Halide Perovskite Nanocomposites
In this section, the interaction between embedded Ag NPs and lead halide perovskite
nanocomposites was studied to understand the influence of embedded Ag NPs on the PL properties
of adsorbed perovskites. For this study CsPbBr3, CsPbBrI2, and CsPbI3 perovskites were drop
casted on both reference and Ag implanted quartz substrates. Optical absorption, steady state and
time resolved PL measurements were carried out to understand the interaction.
4.5.2.1 Interaction of Embedded Ag MNPs with CsPbBr3 Perovskite
4.5.2.1.1 UV/Visible Measurements
The optical absorption spectra of drop-casted CsPbBr3 perovskite nanocomposites on a
reference quartz and Ag implanted quartz substrates are shown in part A of Figure 4.11. A clear
absorption peak of CsPbBr3 was observed at 510 nm on both reference and Ag implanted
substrates. An increase in the absorption for the CsPbBr3 drop-casted perovskite on the Ag
implanted substrates was observed as compared to the Ag implanted substrate without CsPbBr3
(Figure 4.11 B). This increase is attributed to the superposition of CsPbBr3 and Ag MNPs
absorption. Subtracting the absorption profile of Ag NPs from the sample Ag-NPs/CsPbBr3 shows
the absorption profile like that of CsPbBr3 (inset of Figure 4.11 B). This indicated that the
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absorption spectra of CsPbBr3 seems unaffected by Ag MNPs, suggesting that there is no direct
ground state interaction between them.
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Figure 4. 11. Absorption spectra of (A) Ag-implanted and reference substrates with the CsPbBr3, (B) Ag-implanted substrate, Agimplanted substrate with the CsPbBr3, and reference substrate with the CsPbBr3 . Inset represents the comparison between the
subtracted CsPbBr3 with the CsPbBr3 on the reference substrate

4.5.2.1.2 Steady-State Photoluminescence Measurements
The Photoluminescence (PL) emission spectra of CsPbBr3 perovskite nanoparticles after
excitation at 420 nm and 480 nm are shown in Figure 4.12. The PL intensity of drop-casted
CsPbBr3 was observed at ~521 nm on both reference (No Ag NPs) and Ag-implanted substrates.
There is no change in the PL emission maximum of perovskite in the presence of embedded Ag
NPs. Note that the PL intensity of drop casted CsPbBr3 perovskites is drastically quenched in the
presence of embedded Ag NPs that was consistent with the increase in the ion beam fluence. The
results show that the PL quenching by Ag NPs is nearly the same both at 420 and 480 nm excitation
wavelengths (Figure 4.12 A, B). This suggests that intensity quenching is independent of excitation
wavelength. The PL quenching efficiencies were estimated by measuring the decrease in the
emission intensity of CsPbBr3 at 520 nm from the following relationship (4.5) [78,109] giving the
corresponding PL quenching efficiency provided in Table 4.4.
I

PL Quenching Efficiency (PLQE) = (1 − I0 ) × 100

(4.5)

where I and I0 are the emission intensities of CsPbBr3 perovskite with and without embedded Ag
NPs. It can be seen from the table that the quenching efficiency of CsPbBr3 is 27% with the low
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fluence (1.1×1016 particles/cm2) and becomes 59% with the higher fluence (4.5×1016
particles/cm2) suggesting that PL emission of CsPbBr3 was impacted more by high fluence
samples. In addition, the corresponding PL quenching factor was also calculated using following
relationship and is presented in Table 4.4.
PL Enhancement Factor =

I

(4.6)

I0

The PL quenching factor of perovskite was 0.70±0.030 with low fluence and 0.40±0.027
with high fluence, as depicted in the inset of Figure 4.12 A, B. The quenching behavior of CsPbBr3
can be related to the non-radiative energy transfer [110,111,112] from CsPbBr3 perovskite to Ag
NPs accompanied by a reduction in both PL intensity and PL lifetime.
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Table 4. 4. PL quenching efficiency and enhancement factor of CsPbBr 3 perovskite at different ion beam fluences

Fluence (1016
particles/cm2)

PLQE (%) at
420 nm
excitation

PLQE (%)
at 480 nm
excitation

1.1

27

1.3

𝐈
𝐈𝟎

at 420 nm

𝐈
𝐈𝟎

at 480 nm

excitation

excitation

26

0.70±0.030

0.75±0.025

33

30

0.60±0.033

0.72±0.027

3.0

49

43

0.50±0.029

0.65±0.025

4.5

59

54

0.40±0.027

0.45±0.027

4.5.2.1.3 Time-Correlated Single-Photon Counting (TCSPC) Measurements – Photoluminescence
Lifetimes
To understand the origin of quenching, the PL lifetime of CsPbBr3 was measured using
TCSPC technique with a diode laser excitation at 370 nm. CsPbBr3 was excited at 370 nm and the
PL decay was monitored at 520 nm. The obtain the decay time, the decay curve was fitted with a
three-exponential decay function using the equation below [85],
𝑡

𝑡

𝑡

F(t) = 𝑎1 𝑒 − ⁄𝜏1 + 𝑎2 𝑒 − ⁄𝜏2 + 𝑎2 𝑒 − ⁄𝜏2

(4.7)

The average PL lifetime was determined by using following equation,
< 𝜏 >=

[𝜏1 𝑎1 + 𝜏2 𝑎2 +𝜏3 𝑎3 ]
(𝑎1 + 𝑎2 +𝑎3 )

(4.8)

Where 𝜏1 , 𝜏2 and 𝜏3 are the PL lifetimes and 𝑎1 , 𝑎2 , and 𝑎3 are their weighting parameters.
The PL lifetime of CsPbBr3 with and without Ag NPs is shown in Figure 4.13. The fitted
lines on the curve were used to calculate the average lifetime and are shown in the inset of Figure
4.13. It is observed from the figure that there is a shortening of both the PL lifetime and average
lifetime of CsPbBr3 in the presence of Ag NPs. The average lifetime of CsPbBr3 without the Ag
NPs was 10.1 ns which was reduced to 6.9 ns with Ag NPs. The shortening of decay curves was
consistent with the increase in ion fluence suggesting energy transfer from perovskite to Ag NPs.
A schematic of the energy transfer process is illustrated in Figure 4.14. The energy transfer
efficiency depends on the spectral overlap of the donor emitter (perovskite) and the absorption of
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acceptor (Ag NPs) [108,113,114]. Figure 4.15 shows the spectral overlap between the absorption
spectra of the Ag implanted sample and the emission spectra of CsPbBr3 perovskite.
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Figure 4. 13. PL lifetime of CsPbBr3 perovskite at different ion beam fluences. Inset represents the average lifetime of CsPbBr3
perovskite

Energy transfer efficiency was calculated from the average lifetime of CsPbBr3 using the
relationship [78]:
𝐸 =1−

𝜏𝑃𝑁
𝜏𝑃

(4.9)

where 𝜏𝑃𝑁 and 𝜏𝑃 are the decay times of perovskite in the presence and absence of embedded Ag
NPs, respectively. The energy transfer efficiency from perovskite to Ag NPs was 31% with the
high fluence and 20% with the low fluence confirming the PL quenching phenomenon. The
confirmation of the energy transfer process from fluorophore to nanoparticles is also studied in the
literature [113,115,116]. Current study shows when there is a spectral overlap of perovskite and
Ag NPs, energy transfer from perovskite to Ag NPs that can quench both the PL intensity and
lifetime.
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Figure 4. 14. Schematic representation of energy transfer process from CsPbBr3 to Ag NPs. Yellow color illustrates the electric
field distribution around Ag NPs
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Figure 4. 15. Absorption spectra of Ag NPs and PL emission spectra of CsPbBr3 perovskite

4.5.2.2

Interaction of Embedded Silver Nanoparticles with CsPbBrI2 and CsPbI3 Perovskites

4.5.2.2.1

UV/Visible Absorption Measurements

The UV/Visible absorption spectra of drop-casted CsPbBrI2 and CsPbI3 perovskites on
reference quartz and Ag implanted quartz substrates are shown in Figure 4.16 and 4.17,
respectively. The absorption peaks of CsPbBrI2 and CsPbI3 were observed at ~628 nm and ~680
nm on both reference and Ag implanted substrates. Absorption of Ag NPs was observed at 412
nm. An increase in the absorption was observed for CsPbBrI2 and CsPbI3 drop casted perovskites
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on the Ag implanted substrates as compared to the Ag implanted substrate without drop casted
perovskites (Figure 4.16 B and Figure 4.17 B). This increase is ascribed to the superposition of
perovskites and Ag NPs absorption. Subtracting absorption of Ag NPs from Ag-NPs/CsPbBrI2 and
Ag-NPs/CsPbI3 shows the absorption spectra like that of CsPbBrI2 and CsPbI3 on quartz without
Ag NPs (inset of Figure 4.16 B and Figure 4.17 B). This result suggests that the absorption spectra
of CsPbBrI2 and CsPbI3 perovskites were not affected by the embedded Ag NPs on quartz
substrates which means that there is no direct ground state chemical interaction between them.
This is probably due to enough separation distance between the Ag NPs and the perovskites as
revealed by the RBS measurements. This is an important aspect for using embedded Ag NPs for
PL enhancement studies.
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Figure 4. 16. Absorption spectra of (A) Ag-implanted and reference substrates with the CsPbBrI2, (B) Ag-implanted substrate,
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4.5.2.2.2

Steady-State Photoluminescence Measurements

The PL intensity of drop casted CsPbBrI2 and CsPbI3 perovskites after excitation at 420
nm, 570 nm, and 620 nm was measured on reference and Ag implanted substrates for different ion
beam fluences and the results are shown in Figure 4.18 and 4.19. Both the CsPbBrI2 and CsPbI3
perovskite show the PL intensity spectra maximum at ~634 nm and ~687 nm, respectively.
Dramatic increases in the PL emission spectra of CsPbBrI2 and CsPbI3 were observed in the
presence of embedded Ag NPs indicating the influence of MEP. Furthermore, as demonstrated in
Figure 4.18 and 4.19, the PL intensity of CsPbBrI2 and CsPbI3 is enhanced by increasing the
fluence of Ag ions. An interesting aspect of the PL enhancement is the fact that 420 nm excitation
leads to the greater increase in the PL intensity of CsPbBrI2 and CsPbI3 than the 570, and 620 nm
excitations. In the case of CsPbBrI2 perovskite, a 250% PL intensity increase was observed after
exciting it at 420 nm, and 63% with 570 nm excitation. On the other hand, for the CsPbI3 perovskite
a 490% PL intensity increase was observed with 420 nm, and 180% with 620 nm excitation.
Critical matching between the LSPR peak wavelength and excitation wavelength of perovskite
permits the plasmon energy transfer process [117] which leads to PL enhancement. The PL
enhancement factor for CsPbBrI2 and CsPbI3 perovskites were calculated using equation (4.6) and
are presented in Table 4.5. It is illustrated from the inset of Figure 4.18, 4.19, and Table 4.5 that
the PL enhancement factor is increases with the increase in ion beam fluence. The PL intensity of
CsPbBrI2 perovskite was enhanced 3.6 times with the 420 nm excitation, and 1.6 times with 570
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nm. For the CsPbI3 perovskite, the PL intensity was enhanced by a factor of 5.9 times after exciting
it at 420 nm, and 2.7 times after 620 nm excitation. The PL intensity enhancement in CsPbBrI2
and CsPbI3 perovskites can be attributed to the plasmonic hot spots between the gap of Ag NPs.
A schematic of the energy transfer process from the hot spot to perovskite is depicted in Figure
4.20.
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Figure 4. 19. PL intensity of CsPbI3 perovskite on reference and Ag implanted quartz substrates after exciting at (A) 420 nm, and
(B) 620 nm. Inset represents the corresponding PL quenching factors
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Table 4. 5. PL enhancement factor of CsPbBrI2 and CsPbI3 perovskite with respect to different ion beam fluences

Ion fluence (1016
particles/cm2)

𝐈
𝐈𝟎

of CsPbBrI2 at

𝐈
𝐈𝟎

of CsPbBrI2 at

𝐈
𝐈𝟎

of CsPbI3 at

𝐈
𝐈𝟎

of CsPbI3 at

420 nm excitation

570 nm excitation

420 nm excitation

620 nm excitation

1.1

1.4±0.10

1.20±0.03

2.0±0.22

1.4±0.10

1.3

1.7±0.10

1.30±0.04

2.8±0.24

1.5±0.15

3.0

2.7±0.12

1.60±0.03

4.2±0.23

1.6±0.10

4.5

3.6±0.11

1.62±0.04

5.9±0.22

2.8±0.12

4.5.2.2.3

Time Correlated Single Photon Measurements

To further understand the PL dynamics, PL lifetime measurements of CsPbBrI2 and CsPbI3
were undertaken with different ion fluences. CsPbBrI2 and CsPbI3 was excited at 457 nm with a
diode laser and the PL emission decay was monitored by fixing the emission at 620 nm and 680
nm. Three exponential decay functions (equation 4.7) were used to fit the data and the average
lifetime was extracted from the fitting, as shown in the inset of Figure 4.21 and 4.22. Both the
lifetime and average lifetime of CsPbBrI2 and CsPbI3 increase with an increase in Ag fluence at
constant perovskite concentration. For the CsPbBrI2 perovskite, the average lifetime was 13.3 ns
on the reference sample and increased up to 17.2 ns with the sample containing high fluence (Inset
of Figure 4.21). In the case of CsPbI3, the average lifetime was 14.0 ns on the reference sample
and increased up to 27.5 ns with the sample containing high fluence (Inset of Figure 4.22). The
longer lifetime is attributed to energy transfer from hot spots to perovskites that alters the radiative
decay rate of excited CsPbBrI2 and CsPbI3 perovskite.
Energy transfer efficiency was calculated from the average lifetime of CsPbBrI2 and
CsPbI3 using equation 4.9. For CsPbBrI2, 30%, and for CsPbI3 101% maximum energy transfer
efficiency was observed. The plasmon energy transfer efficiency of CsPbI3 was more than the
CsPbBrI2 that results in longer lifetimes of CsPbI3. In addition, emission spectra of CsPbBrI2 and
CsPbI3 are less overlapped than the CsPbBr3 with Ag NPs absorption which governs increase in
PL emission intensity and PL lifetime.
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Figure 4. 20. A representation of energy transfer process from Ag NPs to perovskite. Yellow color shows the electric field
distribution around Ag MNPs
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Figure 4. 21. PL lifetime of CsPbBrI2 perovskite at different ion beam fluences. Inset shows the average lifetime of CsPbBrI2
perovskite

76

x103

2.98096

28.8
25.2

<t>

No Ag NPs
1.1x1016p/cm2
1.3x1016p/cm2
3.0x1016p/cm2
4.5x1016p/cm2

21.6
18.0

PL Counts

1.09663

14.4
0.0

1.5

3.0

4.5

Fluence (1016p/cm2)

0.40343

0.14841

0.0546
50

100

150

200

Time (ns)
Figure 4. 22. PL lifetime of CsPbI3 perovskite at different ion beam fluences. Inset shows the average lifetime of CsPbI3 perovskite

4.6

Discussion
We investigated the interaction of embedded Ag NPs with CsPbBr3, CsPbBrI2, and CsPbI3,

respectively. Based on the above results, both PL intensity enhancement and quenching were
observed. What are the reasons behind these changes in PL emission? Why are PL emission
quenching and enhancement were observed with different perovskites? It can be explained as
follows from the expression,
PL intensity = A1× (ENT) + A2× (MEP)

(4.10)

where A1 and A2 are the fraction components corresponding to ENT and MEP. ENT and MEP
describe the energy transfer from perovskites to MNPs and PL intensity enhancement,
respectively. The PL intensity of fluorophore is the combination of both enhancement and
quenching that can happen via MEP and ENT. Both MEP and ENT depend on distance between
fluorophore and MNPs, plasmonic hot spots, and spectral overlapping of MNPs absorption and
fluorophore PL emission. When the fluorophore is at small distances from MNPs, non-radiative
energy transfers from the fluorophore to the MNPs occurs, which in turn decreases the PL
intensity, resulting in the quenching of PL emission intensity [118,119]. Plasmonic hot spots
between MNPs and the larger size MNPs allow PL enhancement of fluorophore via MEP.
Furthermore, an increase or decrease in PL intensity of fluorophore depends on the degree of
overlapping between the Ag NPs absorbance and fluorophore PL emission [108,113,114]. Closely
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overlapped PL emission of fluorophore with the Ag NPs absorbance can also results in ENT which
leads to the PL emission quenching of the fluorophore.
Our results support the above requirements for ENT and MEP. In the case of CsPbBr3, a
non-radiative energy transfer process occurred from CsPbBr3 to embedded Ag NPs which results
in PL quenching. This quenching behavior was further confirmed by the reduction in PL lifetime
of CsPbBr3. The energy transfer depends on the degree of spectral overlap between the emitter
emission (perovskite) and acceptor absorption (Ag NPs) [108]. The degree to which they overlap
is stated as the spectral overlap integral. The spectral overlap area was calculated between the Ag
NPs plasmon absorption and PL spectra of the perovskites that is marked in red color in Figure
4.23. According to the spectral overlap integral, areas of 1.40, 3.70, and 9.90 were obtained for
CsPbI3, CsPbBrI2, and CsPbBr3 perovskites. It can be seen from the area calculations, that CsPbBr3
is more closely overlapped with the absorption of Ag NPs than the CsPbBrI2 and CsPbI3. This
satisfied the condition of the energy transfer process from CsPbBr3 to Ag NPs where the plasmons
of the Ag NPs absorb the excitation energy of the CsPbBr3. Non radiative process dominates
therefore we observe quenching in CsPbBr3.
On the other hand, both CsPbBrI2 and CsPbI3 are overlapped less with Ag NPs absorption
having the area of integration 1.40 and 3.70, which dominates PL enhancement rather than
quenching. Equation 4.10 is also applied to the PL intensity of both CsPbBrI2 and CsPbI3 that
consists of both ENT and MEP terms. This means that there can also be quenching due to ENT in
both CsPbBrI2 and CsPbI3 perovskites as both have PL emission spectra that are slightly
overlapped with the Ag NPs absorption. The absorption of Ag NPs can take some of the excitation
energy of these perovskites. However, ENT is less dominant than the MEP term in the case of
CsPbBrI2 and CsPbI3. This is the reason we clearly see PL enhancement in these perovskites rather
than quenching. In addition, PL intensity enhancement of perovskites unequally increases with
increasing silver fluence. The PL intensity of CsPbBrI2 increased 3.6 times, and CsPbI3 5.9 times.
This indicates the dependence of degree of overlapping between the Ag NPs absorption and
perovskite PL.
During low energy ion implantation, by increasing fluence, concentration of Ag increases
in quartz substrates, which permits nucleation and growth of Ag NPs. This significantly affects the
size of embedded Ag NPs within the quartz substrate, leading to larger size nanoparticles and
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decreased inter-particle distance between nanoparticles creating hotspots. This is evident by the
redshift in plasmonic resonance peak in UV/Vis data. The RBS data reveal that as the average size
of nanoparticles increase, they come closer to the quartz surface while smaller size nanoparticles
stay in the interior zone of the substrate.
Thus, in case of CsPbBr3, at smaller distances, radiative energy of the CsPbBr3 is absorbed
by the Ag NPs, resulting in the PL intensity quenching of the perovskite. Energy transfer occurs
between the coupling of conduction band electrons of MNPs and the dipole of the fluorophore
[112]. Efficient spectral overlapping between Ag NPs absorbance and CsPbBr3 has confirmed the
energy transfer (ENT).
On other hand, PL enhancement can be attributed to two effects. (1) The plasmonic field
enhancement induced by the LSPR of MNPs and hot spots leading to a high excitation rate of
fluorophore, but it does not reflect the PL lifetime of fluorophore, and (2) an increase in the
radiative decay rate of the fluorophore in the presence of MNPs, reflected in the PL lifetime of
fluorophore. The interaction of light with the conduction-band electrons on the surface of MNPs
generate strong enhanced localized electric fields around and between the MNPs. The field
enhancement is more intense in large size MNPs [56,120]. Plasmonic hot spots between the
neighboring particles lead to a several-fold enhancement of the electric field in comparison to
single MNPs [121]. Both the large size silver MNPs and creation of hot spots were observed from
our RBS and UV/Vis data.
In case of perovskites, case (2) is applicable. For CsPbBrI2 and CsPbI3, PL intensity
enhancement was accompanied by the increase in the radiative decay rate that happened due to the
LSPR energy transfer (or radiative energy transfer) from plasmonic hot spots between MNPs to
perovskites (Figure 4.20). Energy transfer from MNPs hot spots to fluorophore can take place
through enhanced electromagnetic near-field via localized surface plasmon excitation [21].
Our result supports the argument that by increasing Ag fluence in quartz substrates, the
interparticle distance between Ag NPs reduces resulting in the creation of hot spots. These hot
spots alter the radiative decay rate and lifetime of perovskites that results in enhanced PL intensity.
It is reported that when the localized surface plasmon absorbance of MNPs is near to the excitation
wavelength of fluorophore, the contribution of MNPs will be more significant [117,120]
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contributing to effective MEP. Therefore, we selected two different excitation wavelengths in the
case of perovskites. We observed that the contribution of Ag NPs hot spots was highly significant
when the excitation wavelength of perovskites was closer to Ag NPs absorption. Because of the
matching condition between the Ag NPs absorption and excitation of perovskites, this permits
plasmon energy transfer from Ag NPs hot spots to perovskites. This results in significant PL
intensity enhancement of CsPbBrI2 and CsPbI3 perovskites.
Thus, our finding supports that the PL quenching term ENT was more dominant than MEP
in CsPbBr3 perovskite whose PL emission spectra closely overlapped with the Ag NPs absorption.
As a result, plasmon of the Ag NPs absorbed the excitation energy of CsPbBr3. While the MEP
term is dominant rather than ENT in the case of CsPbBrI2 and CsPbI3, this results in the PL intensity
enhancement attributed to the plasmon energy transfer from Ag NPs hot spots to CsPbBrI2 and
CsPbI3 perovskites. The PL intensity enhancement of perovskites can be very useful for the future
optoelectronics application and solar cells.
In case of C 515 dye molecule, case (1) is applicable. The PL enhancement of C 515 is due
to the LSPR of Ag NPs and plasmonic hot spots. The interaction of light with the conduction-band
electrons on the surface of Ag NPs generates strong localized electric fields around Ag NPs (Figure
10, and 20). The strong electric field induced by the LSPR of Ag NPs and hotspots are mainly
responsible for the enhanced PL and dipole coupling (field coupling) between the nanoparticle and
C 515, which increases the rate of excitation, consequently the emission rate is increased leading
to enhanced PL emission of C 515. It has been reported [120] that the excitation of the fluorophore
can be enhanced when the plasmon resonance absorbance of nanoparticles is nearly close to the
excitation wavelength of the fluorophore, which is in agreement with our results. The PL intensity
enhancement was further confirmed by the unchanged PL lifetime of C 515 which is a required
condition for the increase in excitation rate [122]. The PL emission intensity enhancement due to
increased excitation rate is also mentioned in the literature [122,123,124].
The overall mechanism of MEP in C 515 in the present system can be ascribed to increased
particle sizes and their magnified LSPR effect and to increased concentration of silver
nanoparticles leading to amplified plasmonic hot spots that in turn leads to enhanced PL of
fluorophore. We find this phenomenon to be very useful in biological imaging and diagnostics.
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Figure 4. 23. Spectral overlapping between Ag NPs absorption and perovskite emission
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CHAPTER 5
CONCLUSION
Embedded silver nanoparticles were synthesized in quartz substrates via low energy ion
implantation. Synthesis was carried out using 70 keV Ag- ions and the quartz substrates were
implanted with different fluences. Negative silver ions were produced by a SNICS ion source. the
ion energy was selected based on SRIM calculations. Different fluences were used to investigate
the effect of Ag concentration on the nucleation and growth of silver particles. Ion fluences in
particles/cm2 were obtained by dividing the total number of silver particles implanted within the
target substrates by the implanted area. A current digitizer was used to measure the total charge
deposited on the target substrate. The target substrate and low energy slits were biased with
positive voltage to suppress secondary electrons and avoid false measurements. A total six quartz
samples were implanted with silver ions. All ion implanted samples were prepared at room
temperature. Post implanted quartz substrates were characterized by RBS and UV/Vis
measurements.
SRIM simulations were used to obtain the depth profile of silver ion implants in quartz
substrates. Based on these calculations, Bragg peak for silver ions was 34 nm, with the edge at 15
nm. RBS was carried out with 2.5 MeV He++ ions. These data were collected with a surface barrier
Si detector at 150o scattering and 30o exit angle. The experimental data was simulated with the
SIMNRA code. From the SIMNRA data, the concentration, composition and film thickness were
obtained. The first layer in the simulation had an elemental concentration matching the chemical
composition of quartz substrate. The depth profile of silver particles below the quartz surface was
calculated using the density of SiO2. The RBS data agreed with the SRIM simulations in the case
of small size silver nanoparticles.
UV/Vis spectroscopy was used to confirm the formation of embedded silver nanoparticles
in ion implanted substrates. UV/Vis measurements provided the LSPR peaks of the silver
nanoparticles and an increase in the absorption intensity was observed with the increase in ion
fluence in the quartz substrates. The maximum absorption of silver nanoparticles was observed for
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the fluence 4.0×1016 particles/cm2. Increase in absorption intensity is due to the increase in density
of the nanoparticles within the stopping layer. Moreover, a red-shift with increased ion fluence
was observed that indicated the enlargement of silver nanoparticles and creation of hotspots.
For the study of Metal Enhanced Photoluminescence (MEP) and energy transfer, the dye
molecule C 515, and lead halide perovskites CsPbI3, CsPbBrI2, and CsPbBr3 were coated on the
surface of reference and ion implanted quartz substrates by using the drop casting method. UV/Vis
measurements gave the absorption peaks of drop casted C 515, CsPbI3, CsPbBrI2, and CsPbBr3 on
both reference and ion implanted substrates. The absorption of the dye molecule and perovskites
was obtained by subtracting the silver nanoparticles absorption from the combined absorption of
Ag-NPs/C 515 and Ag-NPs/perovskites. The absorption of C 515 and CsPbI3, CsPbBrI2, and
CsPbBr3 remained unaffected on the ion implanted substrates indicating that there is no direct
ground state interaction between Ag NPs, dye molecule and perovskites, respectively. Ion
implanted substrates show an increase in the absorption intensity after drop casting the dye
molecule and perovskites indicating the superposition of both absorptions.
Steady state excitation and emission measurements were carried out to investigate MEP of
drop casted C 515, CsPbI3, CsPbBrI2, and CsPbBr3. An increase in the PL emission intensity of C
515, CsPbI3 and CsPbBrI2 was observed on ion implanted samples. The increase in PL emission
intensity leads to MEP. Results showed that PL enhancement of C 515, CsPbI3 and CsPbBrI2 was
quite significant with the high ion fluences. A PL emission enhancement factor was calculated
based on the different fluences. PL emission enhancement factors of 2.1-fold, 3.6-fold, and 5.9fold was obtained for C 515, CsPbBrI2, and CsPbI3, which corresponds to high fluence. On the
other hand, a decrease in the PL emission intensity of the CsPbBr3 perovskite was observed on ion
implanted substrates. This decrease in the intensity leads to PL intensity quenching. The PL
quenching of CsPbBr3 was highly significant with the increase in fluence where the PL emission
intensity of the CsPbBr3 perovskite was 59% quenched by embedded silver nanoparticles.
Quenching of PL was entirely due to the non-radiative energy transfer from the CsPbBr3 to
embedded silver nanoparticles.
In the case of C 515, the PL intensity enhancement was due to the increase in excitation
rate, which was induced by the large size silver nanoparticles as well as plasmonic hot spots. The
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increased PL enhancement was further confirmed by the unchanged PL lifetime and average
lifetime of C 515.
For lead halide perovskites, the PL intensity enhancement and quenching were dependent
on the spectral overlapping of the silver nanoparticles absorption and PL emission of perovskites.
PL intensity quenching was dominated in the CsPbBr3 perovskite compare to the CsPbI3 and
CsPbBrI2 because the PL emission intensity of CsPbBr3 was closely overlapped with the
absorption of Ag NPs. The close overlapping integral is the required condition for the non-radiative
energy transfer from CsPbBr3 to silver nanoparticles. This results in PL intensity and PL lifetime
quenching of CsPbBr3.
CsPbI3 and CsPbBrI2 perovskites support metal enhanced PL phenomenon. Perovskite
CsPbI3 was less overlapped than either CsPbBr3 or CsPbBrI2 that showing significant PL emission
enhancement. PL enhancement in CsPbI3 and CsPbBrI2 perovskites was attributed to the increase
in radiative decay rate. The increase in radiative decay is due to the plasmon energy transfer from
hot spots between silver nanoparticles to perovskites. This also reflects in the PL lifetime of CsPbI3
and CsPbBrI2.
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